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EXECUTIVE  SUMMARY 


A.  Cfcjcctive 

The  objectives  of  this  leseaich  eSbn  were  to  (1)  develop  a  procedure  for  cksigning 
piefalxicated  roof  dexneats  for  a  taqudly  erectable  hardened  shdter,  (2)  evaluate  five  structural 
concepts  to  select  the  most  promising,  and  (3)  eaqmmentally  validate  die  design  {»ocedure 
methods,  assumptions,  and  estimates  of  sxength,  sdffoess,  and  ducdHty  via  static  load  tests  on 
prototype  beams. 

B.  Background 

The  Air  Force  requires  a  variety  of  protecdve  structures  to  protect  against  the  aidilast, 
ground  shock,  firagmentadoo,  and  crateiing  effects  of  inotasingly  accurate  and  destructive 
ccmventicnal  munitions.  Required  characteristics  of  many  of  these  new  generation  shelters 
include  rapid  constructioa  ivith  reduced  dependence  chi  skilled  labor,  hi^  levels  of  protection 
from  advanced  weapons,  and  (xncealmeim.  One  concept  under  development  consists  of  an 
earth-covered  snelter  ccmstructed  with  reinfcnced  soil  walls  aixl  preMnicated  roof  elements. 

C.  Sccpe 

Hie  study  developed  and  validated  a  design  procedure  for  precast  roof  elements  of  the 
modular  hardened  shelter. 

D.  Methodology 

The  design  procedure  develtped  represents  a  synthesis  of  existing  analysis  and  design 
methodologies  described  in  textbcroks,  techrdcal  manuals,  journals  and  concrete  and  steel  codes. 
A  literature  survey  sipplemented  current  knowledge  and  i^dfied  key  areas  for  investigation,  as 
described  in  Section  2  of  tins  lepcHt.  Recommendations  ffom  the  literature  regarding  appropriate 
performance  criteria,  i.e..  ductility  factors  and  support  rotation,  and  appropriate  measures  of 
beam  sdfhiess  were  considered.  The  general  level  of  threat,  shelter  widths,  and  maximum 
allowable  beam  weight  were  also  defined  fern  concept  evaluation. 

The  design  procedure  and  its  basis  are  described  in  Section  3,  with  actual  formulae  for 
each  concept  and  d^gn  mode  presented  in  detail  in  Appendix  A.  The  dynamic  response  of  the 
roof  beam  was  determined  using  an  equivalent  single  degree-of-freedom  (SDOF)  system,  which 
requires  only  moderate  conqiutational  effort  and  provides  sufficient  accuracy  for  this  type  of 
system.  Additional  design  details  are  identified  that  must  be  adequately  addressed  to  ensure  that 
the  beam  can  develop  its  intended  flexural  strength  and  ductility.  The  design  procedure  is 
explained  and  detailed  for  the  five  structural  concepts  considered  herein. 

Portions  of  the  design  procedure  were  validated  by  comparison  of  the  static  resistance 
function  using  the  siiEple  procedure  with  the  results  of  detailed  nonlinear  finiie-elcnKJnt  analyses 
for  the  inidal  three  structural  concepts. 

Hber-reinfOTced  composite  beams,  including  an  in-house  WIVFTVCS  research  program  to 
reinforce  concrete  beams  using  sheets  of  carbon-fiber  reinfOTced  plastic  (CFRP),  were 
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investigated  for  diis  {plication.  Pultruded  fiberglass  beams  were  also  investigated  to  deteimine 
their  ^licability  for  the  roof  elements.  Conceptual  designs  for  CFRP  reinforced  concrete 
beams  and  pultruded  fiberglass  beams  to  withstand  conventional  weapons  effects  were  developed 
and  evaluated. 

An  evaluation  of  the  reinforced  concrete,  prestressed  concrete,  and  composite  steel- 
concrete  concepti*  based  <xily  on  estimated  fabsticadon  cost  indicated  that  the  steel-concrete 
composite  was  the  most  prtmiismg  candidate  for  the  roof  beams.  Subjective  evaluatira  of  all  five 
concepts,  including  fiber-reinforced  con^sosites  and  pultruded  fiberglass,  used  a  more  ejttecsive 
set  of  evaluation  criteria  reflecting  cost,  weight,  hani^g,  storage,  erection  and  confidence  aiid 
indicated  that  the  steel-concrete  composite  concept  was  most  promising. 

The  utility  and  efficiency  of  the  steel-concrete  composite  concept  was  further 
investigated  by  consideration  of  the  effects  of  confinement  of  the  concrete  in  the  top  flange  slab. 
The  beneficial  effects  of  concrete  confinement  include  a  marked  increase  in  strength  and  ductility. 
The  analytical  investigations  of  this  enhancing  technology  indicated  potential  benefits  worthy  of 
further  consideiation.  Li  fact,  the  steel-concrete  composite  with  concrete  confinement  was 
selected  fur  experimental  verification  by  a  prototype  test  program. 

£.  Test  Description 

A  prototype  test  program  was  developed  to  provide  experimental  validation  of  the  steel- 
confined-ccmcrete  composite  concept  in  terms  of  strength,  ductility,  and  constmctability. 
Specifically,  the  static  flexural  resistance  function  developed  analytically  using  the  design 
procedure  relies  on  full  development  of  theoretical  strength  and  reliability  of  this  strength  over  a 
wide  range  of  ductility,  a  factor  yet  unproven  by  experimental  verification.  In  addition  to 
validation  of  the  static  resistance  function,  the  overall  design  procedure  was  partially  validated 
via  prototype  testing.  Specifically,  the  non-flexure-related  resistance  of  the  concept,  including 
shear  and  bearing,  were  verified  through  the  tests. 

Prototype  steel-confined  concrete  composite  beams  were  designed  using  the  procedure 
developed  herein.  Four  beams  were  tested  at  the  Structures  Laboratory,  U.S.  Army  Waterways 
Expetiment  Station  (WES)  in  Vicksburg,  MS.  The  prototype  test  beams  were  fabdcated  using 
sundaid  oo'icrete,  reinforcing  steel,  and  plate  steel.  Standard  welds  and  Nelson  shear  studs 
(ASTM  A 108}  weie  specified.  Each  beam  was  ir^irumented  with  strain  and  displacement  gages. 

F.  Results 

The  results  of  the  four  prototype  beam  tests  were  encouraging.  Most  impoitantly,  the 
overall  performance  of  the  test  specimens  met  and  exceeded  expectations  as  to  strength, 
stiffness,  and  ductility.  Secondly,  the  test  procedures  and  execution  satisfied  their  intended 
purpose.  All  four  of  the  test  specimens  exhibited  considerable  ductility,  far  beyond  that  observed 
and  calculated  for  beams  without  significant  confining  steel  in  the  concrete.  It  is  important  to 
note  that  none  of  the  tests  were  stopped  due  to  imminent  or  actual  failure,  but  rather  due  to  the 
loss  of  rattle  space  between  the  beam  and  the  floor  or  spreader  beam.  The  test  program 
provided  (i)  a  proof-of-concept  for  the  confined  concrete-steei  composite  beam  and  (2)  a 
baseline  to  measure  the  accitracy  and  appropriateness  of  the  analytical  models  and  methods  of 
this  work. 
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G.  Cradusion 


A  single  design  procedure  for  precast  roof  dements  was  developed  and  validated  fay 
detailed  analytical  noetihods  and  prototype  testing.  An  efficient,  prefabricated,  structural  roof 
beam  was  satisfactorily  developed  that  met  the  logistical  and  wetqwns  effects  criteria  established 
foi  this  project  This  steel-concrete  composite  beam  will  permit  beams  with  high  strength  to 
weight  ratio  to  be  designed  and  constructed  using  conventional  concrete  and  steel  materials, 
sati^ying  the  desired  objectives  of  this  research  program. 

H.  Recommendations 

The  design  procedure  and  concept  evaluation  should  be  further  validated  as  pan  of  a 
complete  program  for  full-scale  field  testing  of  a  fiunily  of  hardened  shelters.  The  design 
procedure  should  be  implemented  in  a  computer  plication  for  design  use.  In  particular,  the 
design  procedure  should  be  adopted  for  use  in  design  of  modular,  rapidly-erectable  hardened 
shelters. 

I.  Application 

The  design  piocedme  can  be  directly  applied  to  design  hardened  shelter  roofs  and  to 
evaluate  shelter  roof  concepts  for  a  wide  range  of  weapon  threats  and  shelter  geometries. 

J.  Benefits 

The  design  procedure  and  the  concept  evaluations  provide,  in  a  concise  and  rational 
format,  a  practical  tool  and  valuable  guidance  for  design  of  hardened  shelter  roofs. 

K  Transferability  of  Technology 

Contractors  for  DOD  projects  requiring  blast-resistant  design  of  shelter  roofs  can  directly 
apply  the  procedures  and  guidance  herein.  Ovilian  projects  requiring  hardened  roofs  can  also 
derive  design  guidance  from  this  study. 
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SECTION  1.  INTRODUCTION 


A.  BACKGROUND 

The  Air  Fwce  requires  a  variety  of  protective  structures  to  accoa^lish  its  strategic  and 
tactical  missinns.  These  facilities,  for  exao^le,  include  aircraft  shelters,  coinmand  centers, 
critical  maintenance  facilities,  and  munitions  storage.  The  structures  must  protect  against  the 
airblast,  ground  shock,  fragnoentation,  and  cratering  effect  of  increasingly  accurate  and 
destructive  conventitxial  munitions.  In  maiqr  applicatimts,  such  structures  must  be  rapidly 
erectable.  hi  all  cases,  the  cost  of  these  facilities  should  be  minimized  consistent  with  the 
performance  constraints  and,  where  possible,  made  of  li^twei^t  elements  that  can  be  handled 
easily,  hi  an  era  of  reduced  budgets  and  manpower  limitatitHis,  the  importance  of  cost  eSective 
and  efficient  structural  systems  is  obvious. 

Rapid  and  unpredictable  changes  in  the  scale  and  geographic  diversity  of  future  military 
involvement  requires  a  new  approach  to  construction  of  hardened  shelters.  A  hi^  probability 
exists  for  operating  horn  forward  "bases”  which  have  not  previously  been  used  for  miliiary 
purposes,  or  fiom  rapidly  constructed  bare  bases.  It  is  likely  that  no  hardened  shelters  will  exist 
beforehand  to  house  aircraft,  personnel,  and  munitions.  Therefore,  it  may  be  necessary  to 
construa  hardened  shelters  using  troop  units  and  equipment  already  in  place  or  easily  obtained/ 
deployed.  Required  characteristics  of  these  new  generation  shelters  include  rapid  construction 
with  reduced  dependence  on  labor,  high  levels  of  protection  from  advanced  weapons,  and 
concealment.  One  concept  under  development  consists  of  an  earth-covered  shelter  constructed 
with  reinforced  soil  walls  and  prefabricated  roof  elements,  shown  in  Egure  1. 

The  shelter  consists  of  reinforced  earthen  walls  lined  with  contiguous  interlocking 
modular  wall  panels  that  circumscribe  the  protected  space.  The  structural  roof  consists  of 
prefabricated  beams  with  an  integral  slab,  placed  adjacent  to  one  another  on  top  of  the  modular 
wall  and  part  of  the  soil  wall  to  form  a  continuous  hardened  roof.  The  structure  will  be  covered 
with  soil  and  may  have  a  bunter  slab  and  possibly  projectile  deflection  layers  of  rock  rubble  or  a 
concrete  deflection  grid.  The  roof  beams,  wall  panels,  and  additional  construction  materials 
would  be  brought  from  strategic  storage  locations  by  ground,  sea,  or  possibly  air  transportation. 
Therefore,  it  is  imperative  that  the  beams  be  structurally  efficient  to  minimize  the  individual 
weight  and  total  number  requiring  transport  and  erection. 

The  modular  hardened  shelter  depicted  in  Figure  1  should  provide  a  high  level  of 
pfoieciion  from  the  blast  and  shock  effects  of  a  vsrlde  range  of  conventional,  very  lethal 
munitions.  This  is  in  contrast  to  lightweight,  rapidly  erected  "airmobile"  shelters  which  provide 
environmental  protection  and  only  minimal  hardening  against  conventional  weapons  threats. 
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Figure  1.  Modular  Hardened  Shelter  (USAF  photograph). 

B.  OBJECTIVE 

The  objective  of  this  research  effort  was  to  develop  a  dynamic  design  procedure  for 
prefabricated  roof  elements  subjected  to  blast  loads.  One  of  the  goals  in  developing  the  design 
procedure  was  to  keep  the  computadonal  effort  simple  so  that  the  resulting  analysis  can  be 
carried  out  in  a  spreadsheet,  or  readily  programmed  in  Basic,  FORTRAN,  or  mathematical 
applications  programs  such  as  Mathcad®.  This  will  enable  the  end  user  to  design  roof  elements 
using  familiar  procedures  without  resorting  to  sophisticated  computer  modeling  techniques.  In 
addition,  the  designer  can  quickly  analyze  and  refine  the  roof  beam  design,  or  examine  the  effect 
of  various  parameters,  without  resorting  to  a  computationally  intensive  method  such  as  finite 
element  analysis. 
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A  seccMul  objective  of  the  research  was  to  evaluate  five  roof  beam  structural  concepts  and 
then  to  select  the  structural  concept  that  a;q)e8red  most  prcamsing.  A  set  of  criteria  and 
weighting  fiictors  was  developed  for  the  purpose  of  selecting  the  most  promising  structural  roof 
concept 

C  SCX)PE 

The  scope  of  this  research  was  limited  to  the  roof  system.  The  modular  wall,  reinforced 
soil,  and  burster  slab  were  not  part  of  the  roearch  effiat  Hve  concepts  for  prefabricated  roof 
elements  were  considered:  ctxtventionally  reinforced  ctHicrete,  prestressed  (pretensioned) 
concrete,  sted-ccmcrete  cmuposite,  externally  reinforced  ctmcrete  and  pultruded  fiberglass. 
Based  on  the  selectimi  process,  the  sted-ccmcrete  composite  slab  was  chosen  as  the  prefetru. 
concept  An  appropriate  design  procedure  for  each  concept  was  documented  in  the  text 

The  design  procedure  represents  a  synthesis  of  existing  analysis  and  design 
methodologies  described  in  textbooks,  technical  manuals,  journals,  and  concrete  and  steel  codes. 
A  survey  of  diis  literature  was  first  conducted  to  si^plement  our  current  knowledge  and  identify 
key  areas  for  invesrigarion,  as  described  in  Section  2  of  this  report  During  diis  stage  it  was  also 
necessary  to  agree  on  the  general  k-vel  of  threat  shelter  widths,  and  Tnaximnm  allowable  beam 
weight  Development  of  the  dynamic  design  procedure  included  defining  the  general  constraints 
and  formulating  structural  analysis  meduxls  suited  to  in^lemenlition  in  a  spreadsheet  or  sickle 
computer  program,  as  described  subsequently  in  Section  3.  As  part  of  the  concept  evaluation 
described  in  Secfion  4  of  this  report  validation  of  the  structural  calculations  by  finite  element 
analysis  was  conducted  to  ensure  that  the  design  procedure  results  agreed  with  tnose  obtained 
through  rigorous  analysis.  This  validation  exercise  was  conducted  on  example  beam  designs  for 
each  of  the  initial  three  concepts.  A  cost  model  was  developed  and  applied  to  the  resulting  beam 
designs  to  evaluate  their  relative  construction  costs.  Also  at  this  stage  several  "excursitms"  were 
Dsade  to  investigate  a  number  of  issues  identified  in  the  literature  survey,  specifically  whether  the 
benefits  of  using  high  performance  and/or  lightweight  concrete  justified  its  consideration. 

The  paramount  importance  of  minimizing  beam  weight  to  in^>mve  structural  efficiency 
underscored  the  next  stage  of  development  Smaller,  lighter  beams  for  each  concepi  were 
investigated  and  a  more  conq^lete  set  of  evaluation  criteria  developed  and  used  to  evaluate  the 
resulting  designs.  As  described  in  Section  5,  the  roost  pmooising  concept  (composite  steel  and 
concrete)  was  further  investigated  to  include  the  enhancing  effects  of  concrete  confinement 

Based  on  the  results  of  the  concept  evaluation,  a  test  program  was  designed  and  executed 
to  valickte  the  most  prombing  concept.  Static  load  tests  were  conducted  on  prototype  beams  to 
detennine  their  strength,  stiffoess,  and  amount  of  ductility  relative  to  prediction  by  the  design 
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procedure  and  finite  elanent  analysis.  The  prototype  test  program  is  described  in  detail  in 
Section  5. 

in  SectkHi  7  of  this  report,  conclusions  are  drawn  regarding  the  (tevelopment  and  use  of 
the  design  procedure  and  the  concept  ndiich  emerged  as  the  most  promising  based  on  structural 
effidency  and  economic  consideradons.  Recommendaticms  regarding  future  work  to  improve 
the  overall  design  of  die  protecdve  structure  axe  also  briefly  described. 


7 


SECTION  2.  LITERATURE  SURVEY 


A.  ANALYSIS  METHODS 

Numerous  researchers  have  previously  investigated  analysis  medrods  and  paiametci's 
relevant  to  die  design  of  noodular  roof  elements.  The  most  relevant  of  the  results  and 
recommendations  fiom  the  literature  concerning  flexural  strength,  shear  strength,  and  dynamic 
analysis  of  reinforced  concrete,  prestressed,  and  steel  composite  elonents  are  summarized  in  the 
following  paragraphs. 

1.  Hexural  Strength 

References  1  and  2  describe  tests  and  analysis  of  singly  and  doubly  reinforced 
lightweight,  hi^  strength,  concrete  beams.  They  found  that  the  flexural  design  provisions  of  the 
American  Concrete  Institute  (AO)  were  adequate  to  predict  the  strength  of  these  beams 
(Reference  3).  The  upper  range  of  their  experiments  was  an  unconfined  axnptessive  strength, 
f  'qbI  1  ksi  and  a  ratio  of  actual  to  balanced  smel,  p/p5<0.54. 

Reference  4  describes  a  computational  procedure  for  predicting  the  flexural 
resistance  and  ultimate  deflection  of  concrete  beams  sutyect  to  severe  concentrated  loads.  The 
model  uses  linear  distributicHi  of  strains  and  detailed  constitutive  models  for  the  concrete  and 
steel.  The  concrete  mo^'el  includes  the  effect  of  transverse  reinforcement  in  confining  the 
concrete  with  resultant  increases  in  ultimate  strength  and  conesponding  strain,  and  a  correction 
factor  for  the  effects  of  web  reinforcement  The  detailed  calculational  effort  involved  in  this 
procedure  resulted  in  very  good  agreement  with  experimental  results  for  ultimate  strength  and 
deflection. 

Reference  5  developed  a  detailed  flexural  model  to  investigate  the  increased 
flexural  resistance  of  a  concrete  section  with  curvature  ductility  factors  of  10  and  20.  Hus 
research  concluded  that  the  moment  capacity  at  yield  from  the  detailed  analysis  is  within  4%  of 
tlie  nominal  moment  ct^acity  predicted  by  AO,  and  that  the  increase  in  crqiacity  at  high  ductility 
varies  betwMn  12%  and  65%,  depending  on  the  amount  of  transverse  reinforcement,  ratio  o/ 
compression  to  tension  reinforcement,  and  amount  of  tension  reinforcement  The  result  is  also 
very  dependent  on  the  strain-hardening  behavior  of  the  reinforcing  steel  actually  used. 

2.  Shear  Strength 

Reference  6  investigated  the  shear  strength  of  rectangular  beams  made  from 
concrete  with  f  '^=10, 17.  and  18  ksL  They  found  that  for  non-prestressed  members  subject  to 
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flexuie  and  shear.  ACI  Code  provisicMis  overestimate  the  uxninal  shear  strength  provided  by  the 
concrete  when  the  coin|>ressive  ^length  is  above  17  ksL  For  very  high  concrete  compressive 
strengths,  the  imnimom  quantity  of  shear  reinforcing  specified  in  the  1983  edition  AO  Code 
needs  to  be  increased  to  cooqrensate  for  the  lack  of  conservatism.  At  some  amniint  of  web 
reinforcement,  the  code  equations  bec(»oe  ctmservative  again,  regardless  of  the  deficiency  in  the 
Vq  (concrete  shear  stroigth)  term.  Theiefne,  it  appears  that  the  mininmm  amount  of  web 
reinforcing  depends  on  a  limiting  value  of  the  compressive  strength,  which  was  changed  in  the 
1989  edition  of  the  Code. 

Reference  7  Ascribes  tests  of  14  beams  and  examination  of  107  tests  in  the  literature. 
This  study  excluded  that  the  AO  Code  is  cmiservative  for  both  hi^  stiengtii  concrete  and 
normal  strength  ctnicrete  beams.  Licteasing  f  ^  up  to  12  ksi  does  not  lower  the  safety  factor,  nor 
does  using  high  tension  steel  ratios. 

3.  Dynamic  Analysis  Methxl 

A  single  degr.x-of-fiteedom  (SDOF)  system  is  often  successfiiUy  used  to  noodel 
the  dynamic  flexural  response  of  a  surely  supponed  roof  beam  Reference  8  describes  a  SDOF 
analysis  with  load-dependent,  variable  parameters  rather  than  traditional  constant  SDOF 
parameters.  This  ^proach  requires  development  of  a  moment*curvatuit  behavior  of  the  specific 
cross-section,  integrating  this  for  each  load  step  to  obtain  the  deformed  ctxifiguiation,  including 
the  effect  of  end  restraints,  and  then  computing  the  parameters  of  an  equivalent  SDOF  model 
While  this  iq>proach  offers  advantages  for  nonsymmetric  cases  with  complicated  boundary 
conditions  and  is  still  fast  and  convenient  relative  to  multi-degree-of-freedom  (MDOF)  and  finite 
element  models,  it  was  deemed  overly  detailed  for  the  design  procedure  analysis.  Reference  9 
presents  an  analysis  technique  for  reinforced  concrete  beams  subject  to  impulsive  loads  utilizing  a 
nonlocal  continuum  damage/^lasticity  model  within  a  Timoshenko  beam  finite  element  Such 
refinements  in  the  analysis,  which  replace  approximatiras  and  smqilifications  with  analytical 
steps,  undoubtedly  yield  greater  accuracy,  as  seen  by  the  close  agreement  with  laboratory 
experiitiental  results.  While  the  more  advanced  techniques  improve  our  understanding  of  the 
physical  response  of  structural  elemenis  under  dynamic  loads,  the  rationale  given  in  Reference  10 
for  using  approximate  design  methods  is  still  relevant; 

"From  the  viewpoint  of  practical  design,  the  approximate  methods 
presented  here  [SDOF  constant  parameter  methods]  arc  extremely 
importanL  They  should  not  be  regarded  as  merely  crude 
approximation,  to  be  used  for  rough  or  preUminaiy  analysis,  nor 
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should  they  be  regarded  as  methods  to  be  used  only  by  engineers 
who  lack  the  training  or  intellect  to  en:q)l(^  more  sophisticated 
techniques.  Ptoblmns  in  structural  dynamics  typically  involve 
significant  uncertainties,  paiticulaily  with  regard  to  loading 
characteristics.  Such  being  the  case,  conqilex  methods  of  analysis 
are  often  not  justified  It  is  a  waste  of  time  to  enqtloy  methods 
having  preciskxi  much  greater  than  that  of  the  input  of  die 
analysis.” 

To  ensure  that  the  roof  element  develops  a  flexural  defonnation  mode  to  absorb 
the  blast  energy,  providing  sufficient  shear  resistance  is  a  must.  In  diis  regard,  the  SDOF  analysis 
method  tends  to  be  unconservative  when  the  duration  of  the  dynamic  load  to  the  first  natural 
period  of  the  clement  is  less  than  about  0.4  (Reference  1 1).  Guidelines  given  by  (Reference  12) 
axe: 

>  For  load  duration  t^  greater  than  the  first  natural  structural  period  T^,  the  first 
mode  governs  the  re^nse  and  the  approximate  analysis  can  be  used 

•  For  t(i<Ti,  die  higher  modes  should  be  taken  into  account,  and  the  BemouUi- 
Euler  beam  theory  gives  a  proper  sdution. 

-  For  td«Ti,  very  high  modes  become  important  in  the  beam  response  and 
rotary  inertia  and  shearing  defonnation  have  to  be  taken  into  account,  and  the  Timoshenko  beam 
tbeoiy  is  ^;iproptiate. 

To  illustrate,  for  a  Benx}ulli>Eula’  beam,  ratios  of  the  contributitn  fix>m  the  first 
and  third  modes  for  a  unifonniy  loaded,  an^ly  supported  beam  are  yi^3=243,  MiyM3=27,  and 
ViA^3=9,  for  the  deflectitxis,  monaents  and  shears,  respectively  (Reference  10,  pg.  165).  While 
the  first  mode  remains  dominant,  the  higher  modes  of  the  beam  response  include  a  significant 
contribution  from  the  high  frequency  content  of  the  loading  impulse.  Reference  13  points  out 
that  given  the  tqiproximate  usethod  for  ccmiputing  suppon  reactions  in  Reference  14  may 
underestimate  the  maximum  value  for  short  duration  loads,  so  this  reference  (14)  was  not  used. 

B.  ASSUMFnONS  AND  APPROXIMATIONS 

L  Ductility  and  Support  Rotation 

Previous  research  regarding  appropriate  performance  criteria  for  dynamic 
response  of  beams  was  investigated.  The  relevant  findings  for  selecting  appropriate  ductility 
factor  and  support  rotation  performance  criteria  is  described  in  the  following  paragraphs. 


10 


Reference  15  (pg.  637-639)  defines  the  ductiEty  ratio  for  reinforced  concrete 
elemoits  as  the  ratio  of  curvature  at  ull^nate  strength  to  curvature  at  first  yield.  Hus  value 
should  be  less  than  20  for  singly  arid  dout^y  reinfocced  members.  A  procedure  for  calculating 
diis  ratio  for  rectangular  sin^y  and  doubly  teinfofced  beams  is  given. 

Reference  16  (pg.  6)  uses  support  rotation  as  a  performance  criteria  for 
ieh.foreed  concrete  elements.  At  V  of  support  rotatioD,  the  cooqnession  concrete  crushes. 
Between  2'’  and  4*’,  diere  is  slight  loss  in  moment  c^arary  *110  concrete  crushes  and  the 
compressive  force  is  transferred  to  the  compression  leinfohrtemeni;.  This  requites  an  equal 
amount  of  coirqsessitm  reinforcement  and  tensum  reinforcacenL  Above  4**,  the  member  loses 
structural  integrity  and  fails.  Ihe  preceding  applies  to  monbets  with  shear  reinfoccing  that 
provide  sirear  resistance  greater  than  the  flexural  resistance  aixi  provide  restraint  of  the 
compressive  flexural  steel.  Ductility  factc»s  for  beams  used  as  primary  support  members  (versus 
slabs)  for  personnel  protection  should  be  more  restrictive,  and  are  limited  to  a  ductility  factcn-  of 
10  or  0.5”  of  support  rotatirai.  Structures  to  protect  equipmeo;  or  explosives  may  be  designed 
for  deflections  up  to  incipient  failure. 

For  steel  stractures.  Reference  17  states  that  the  ductility  factor  can  go  as  high  as 
20  and  support  rotation  can  go  as  high  as  12”,  provided  lateral  bracing  is  adequate.  For  beams 
where  safety  of  personnel  is  required,  the  ductility  factor  should  be  less  than  10  and  support 
rotation  less  than  2”.  In  order  to  realize  tiiis  magnitude  of  plastic  behavior,  st^condaiy  modes  of 
failure  must  be  avoided  These  naodes  are  caiegtmzed  as  either  instability  or  brittle  modes  of 
failure.  Instability  in  :)udes  overall  buckling  of  the  member  or  buckling  of  compcaient  elements 
(e.g.,  flange  buckling  or  web  crippling).  Brittle  modes  include  local  stress  concentrations  and 
residual  stresses,  poor  welding,  notch  sensitive  steel,  shock  loading  or  nqnd  strain  rate  sensitive 
steel,  low  temperatures,  and  tciaxial  tensile  strerse;  in  thick  gusset  plates,  webs,  and  in  th? 
vicinity  of  welds.  These  brittle  modes  can  be  remedied  by  utilizing  a  type  of  steel  that  confotins 
to  craidititms  anticipated  in  service,  enforcing  high  standards  in  fabrication  and  workmanship, 
and  careful  design  oi  connections. 

Ref  erence  18  presents  ductility  ratios  reproduced  from  Reference  19,  except  that 
the  ductility  factetr  for  reinforced  coucrere  beams  responding  in  flexure  with  at  least  1/4  as  much 
compressive  as  tensile  reinfotcement  is  reduced  from  7  to  6.  Reference  18  recommends  using 
support  rotation  rather  than  ductility  factor  for  the  design  of  reinforced  concrete  members,  based 
on  the  limitmg  values  fiom  Reference  16.  For  support  rotations  ranging  fiom  0”-2”  ultimate 
flexural  resistance  is  maintained.  Additional  rotation  results  in  crushing  of  concrete.  Rotations 
from  2”-4”  require  symmetric  tensile  and  cranpressive  steel  with  either  adequate  shear 
reinforcement  or  lateral  restraint 
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Re£eR»ice  19  piesents  geoemlly  conservative  ductility  factors  resulting  &tHn 
egq)eneiice  in  design  and  evaluatum  of  many  protective  fscilities.  F<x  reinforced  concrete  failing 
in  ftetTse.  widi  cooqnessicm  leinfoicement  at  least  1/4  the  tension  reinfocceinent,  a  ductility 
factor  up  to  7  is  allowed.  The  ccnre^pmtding  value  for  steel  beams  failing  in  flexure,  assuming 
no  instabili^,  is  12. 

Reference  20  provides  a  table  of  ductility  factors  for  inqtulse  and  impact  loads 
based  some  very  early  work  and  analysis.  The  ductility  factor  for  reinforced  concrete  beams 
in  flexure  is  given  as  0.1/(p-p')  ^10,  widi  the  limiting  value  for  slabs  given  as  30.  This  finmat 
for  the  ductility  ratio  first  ^)pears  in  Reference  21  as  O-IA^  /(Ag-A'0  <  30  for  leinfotced 
concrete  beams.  For  structural  steel,  the  ductility  ratio  of  20  is  allowed  for  beanos  with  adequate 
bracing  to  prevent  local  and  lateral  budding  (Reference  20). 

References  1  and  2  desoibe  tests  and  analysis  of  li^tweight,  higli  strength,  sln^y 
and  doubly  reinforced  concrete  beams.  For  sin^  lemforced  beams,  they  found  that  to  achieve  a 
displaconeat  ductility  factor  of  3,  p/pi)  should  not  exceed  0.4  for  f  'c  =  8  ksi,  and  0.2  for  f  ^  «  1 1 
ksL  For  doubly  leinfotced  beams,  both  nonnal  and  hi^  strength  concrete  exhibited  a  ductility 
factor  less  dtan  3  when  reinforced  with  p/p^^  greater  than  0.4,  and  beanos  with  f  ^  11  ksi 

exhibited  a  ductility  factor  dtat  was  marginally  acceptable  when  reinfoiced  with  p/pb  of  0.22. 

Reference  22  describes  tests  cm  beams  with  of  12  and  15  ksi  with 
reinforcement  ratio  p/pb  values  from  0.066  to  0.54.  The  beams  were  douUy  reinftxced  with  an 
equal  amount  of  compression  and  tension  rcinfocceinenL  They  observed  ductility  factors 
between  7  and  20,  computed  as  the  ratio  of  the  deflection  at  ultimate  to  the  deflection  at  first 
yield  of  the  tension  reinfotcemenL  Their  results  led  them  to  conclude  that  concerns  about  the 
use  of  high  strength  concrete  possibly  resulting  in  a  decrease  in  member  ductility  is  largely 
unfounded.  The  parameter  p/pb  was  found  to  control  the  load-deflection  behavior  and  ultimate 
ductility;  members  with  low  p/pb  values  experienced  large  defonnations  at  relative  constant  high 
loads  befcse  the  maximum  load  was  attained,  whereas  beams  with  hij^  values  of  p/pb  exhibited 
significant  load  drop  immediately  upon  crushing  of  compression  concrete,  foUowed  by  strength 
gain  as  the  ctmipression  steel  compensated  for  tiie  crashed  compression  concrete. 

Reference  23  uses  a  curvature  ductility  ratio,  defined  as  the  ratio  of  the  curvature 
at  ultimate  to  the  curvature  at  first  yield  of  the  tensile  reinfoicement,  to  study  the  effect  of  design 
parameters  the  ductility  of  dooUy  reinforced  concrete  beams.  This  study  concluded  that  the 
available  curvature  ductility  factor  increases  with  decreasing  values  of  p,  increasing  values  of  p', 
decreasing  values  of  fy,  or  increasing  values  of  f  'q.  Each  of  these  factors  tend  to  decrease  the 
depth  of  the  neutral  axis  both  at  first  yield  and  at  ultimate  strength.  They  recommend 
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p*p'  <O.Spi,  for  curvature  ducdliQr  factors  greata  than  4,  and  p-p*  <  0.7Spi)  for  ductility 
foctors  greater  than  2. 

hi  the  mid  1960’s,  reinforced  ctmcrete  design  transitioned  from  woddng  stress 
design  to  ultimate  strength  design.  Results  from  experimental  studies  conducted  on  the  strength 
and  ductili^  of  reinforced  concrete  beams  formed  the  basis  for  the  undolying  guidance  used  in 
the  cunent  Ad  Code  (References  24, 25. 26  and  27).  These  eiqienments  verified  the  validity  of 
using  the  equivalent  cmicrete  stress  block,  equilibrium  of  fences,  and  strain  con^iatibility  to 
calculate  die  nominal  fiexuial  strength  of  a  beam.  Fbrmulas  were  developed  to  calculate  the 
ultimate  strain  cq;)acity  of  the  cmigiressed  concrete,  yield  and  ultimate  curvatures,  the  length  of 
plastic  hinging  zone,  and  inelastic  rotation  of  the  beam  at  ultimate  ciqiacity.  It  was  denuxistramd 
experimentally  that  the  rotational  capacity  of  a  beam  under  loading  producing  a  moment  gradient 
is  greater  than  that  for  a  similar  beam  with  constant  moment  Further  work  investigated  the 
effect  of  ultimate  concrete  strain  and  strain  hardening  of  tension  reinforcing,  and  olxained  beam 
rotational  ctqiacities  of  4.5**  to  5.7**.  Tests  on  small  and  large  beams  found  no  evidence  of  size 
effect 

Li  a  review  of  blast>iesistant  design  work  in  the  Peoples  Republic  of  China, 
ductility  ratios  for  static  and  dynamic  flexural  tests  are  repented  to  be  as  high  as  10  for  beams 
with  small  amounts  of  reinforcement  (Reference  29).  This  study  presents  a  plot  of  ductility 
versus  a/d,  where  "a"  is  the  depth  of  an  equivalent  stress  block  and  "d”  is  the  efiective  depth  of 
the  section.  A  curve  fitting  this  data  expresses  this  relationship  as  ii«0.45/(a/d),  as  shown  in 
Figure  2.  A  comparison  with  the  results  reported  by  Reference  22  reveals  some  interesting 
similarities.  Transfonnation  of  the  p/pi)  data  fiom  Reference  22  into  an  equivalent  a/d  ratio 
shows  that  the  ductility  results  fiom  these  two  investigations  agree  quite  closely  (see 
Hgure  2).  This  transformatitm  is  accomplished  by  expressing  balanced  faduie  cemdition  as 
ab /d  =  Pi(87,000/(87,000+fy)  for  singly  and  doubly  reinforced  beams,  where  ai,  is  the  depth 
of  the  stress  block  for  balanced  condition,  ^i  is  a  function  of  the  concrete  compressive  strength 
and  fy  is  the  yield  strength  of  the  reinforcing  steel  in  psL  These  results  are  generally  consistent 
with  those  reported  in  Reference  2  for  doubly  reinfixeed  high-strength,  lightweight  beams. 
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Bgure2.  Ductility  Factor  For  Reinforced  Conciete  Beams 

with  Varying  Amounts  of  ReinfcHcing. 

2.  Beam  Sdf&iess 

Previous  research  into  reinforced  concrete  beam  deflection  and  stifine^  has 
generally  concentrated  on  short-term  static  behavior.  The  relevant  research  in  this  area,  and  the 
recommendati(xis  for  consideration  of  ultimate  dynamic  response,  are  surmnarized  in  the 
following  paragraphs. 

The  ACI  Code  (Reference  3)  presents  a  framula  for  COT:q)uting  beam  deflections 
at  service  loads,  well  below  ultimate.  Researchers  continually  publish  suggested  revisions  or 
alternatives  to  this  formula  for  effective  moment  of  inertia  for  shoit-tenn  deflecti(»s.  (e.g., 
References  30,  31).  Although  the  AQ  formula  and  suggested  alternatives  adequately  predict 
short-term  deflections  under  service  loads,  they  are  cumbersome  to  use  and  do  not  explicitly 
include  many  parameters  that  characterize  response  of  reinforced  concrete  beams  (such  as 
reinforcement  ratio  p). 
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For  remforced  cosiovte,  Refereoce  10  recommends  die  use  of  the  average  of  the 
gross  and  cracked  secdon  momoit  of  inertia  for  SDOF  dynamic  analyses,  and  presents  a  fmnaia 
for  moment  of  inertia  for  rectangular,  singly  reinforced  beams,  based  cm  Reference  29; 

bd^ 

Ia='-^(5.5ps+0.083)  (1) 

Reference  IS  uses  the  value  of  average  section  mcmient  of  inertia  recommendo! 
above  by  Reference  10. 

Similatly,  Reference  16  recommends  use  of  the  average  of  the  gross  (non* 
trai^cmned)  and  cracked  section  moment  of  inertia  where  tite  latter  is  obtained  frc»n  formulae 
and  grqihs  presenting  ooefGdenis  for  various  reinforcement  ratios  and  nwiniar  ratios  for 
rectangular  sections  and  slabs. 

Wl^teas  Reference  18  does  not  ^lecifically  recoimnrad  a  value  for  reinfciced 
concrete  beam  stiffness,  a  worked  exarspledierein  uses  the  approTomation  given  in  Refermce  10. 

Reference  19  presents  equatitxis  for  natural  period  of  concrete  beams  based  on 
various  end  conditions,  length,  reinforcing  ratio,  and  elective  depth.  This  source  also  provides  a 
correction  term  for  shear  deformation.  In  addition  fonmilae  for  natural  periods  of  steel  beams 
based  on  varying  end  cemditiem,  length,  weight,  meunent  of  inertia,  and  steel  modulus  are 
presented. 
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SECTION  3.  DESIGN  PROCEDURE 


The  design  procedure  represents  a  synthesis  of  existing  analysis  and  design 
methodologies  described  in  textbooks,  technical  manuals,  journals,  and  design  codes. 
Recommendadons  Srom  the  current  litmture  have  been  inctnporated  where  iq;)proptiate.  The 
design  procedure  is  described  in  diis  section,  with  related  formulas  in  Appendix  A. 

A.  PROBLEM  DEFINITION 

The  initial  step  of  the  design  procedure  is  to  define  the  constraints  and  petfonnance 
criteria  for  a  q>ecific  type  of  shelter  and  din'^n.  Constraints  include  the  geometry  of  the  shelter, 
blast  loading,  and  maximimi  allowable  weight  of  the  beams.  Performance  criteria,  the  allowable 
limits  of  dynamic  structural  response,  are  based  on  deflection  ductility  and  support  rotation. 

1.  Constraints 

Advantages  in  fabrication,  handling,  storage  and  erection  of  flat  roof  elements, 
coupled  with  the  reinfcaced  earthen  wall  concept,  favored  using  straight  beams  versus  arched  or 
cambered  roof  elements.  The  roof  was  envisioned  to  consist  of  adjacent  simply  supported  beams 
spanning  the  short  dimension  of  the  shelter.  This  smdy  conside.^^  roof  spans  of  20  arxl  50  feet 
covering  the  expected  range  for  personnel  or  aircraft  shelters.  The  roof  will  likely  have  a 
covering  of  soil  and  may  have  additional  protective  layers.  For  preliminaiy  comparisons  of  the 
initial  three  roof  concepts,  the  shelter  was  assumed  to  have  6  feet  of  overlying  soil  with  a  burster 
slab. 

This  design  procedure  reli«  on  methodolopes  for  threat  assessment,  weapons 
effects,  and  detennination  of  structural  loading  from  other  sources.  The  assumed  threat,  for 
preliminary  design  and  concept  comparison,  was  a  1000  lb.  general  purpose  bomb.  Guidance  in 
developing  detailed  structural  loading  from  such  a  threat,  including  the  effects  of  soil-structure 
interaction  are  contained  in  References  32  through  36  as  well  as  numerous  supplementary  papers 
presented  in  References  37  through  42.  For  purposes  of  this  smdy,  the  structural  load  was 
deteiminrd  from  the  soil  pressure  for  the  coupled,  contact  detonation  of  the  bomb  at  the  level  of 
a  burster  slab,  6  feet  above  the  roof  structure  surface. 

The  resulting  soil  pressures  were  calculated  using  the  microcomputer 
implementation  of  the  procedure  of  Reference  36.  Figure  3  shows  the  computed  Qsak  pressure 
and  impulse  on  the  roof  for  this  threat  This  pressure  distribution,  both  spatially  and  temporally 
nonunifoixn,  is  approximated  for  subsequent  analysis  purposes  by  an  equivalent  ^atially  uniform 
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pressure  distribution.  'Ibis  equivalent  unifonn  distribution  of  pressure  was  chosen  to  produce  a 
midspan  nxmaent  idendcal  to  that  fiom  the  oonunifonQ  peak  pressure  distributiOT.  The  duration 
of  the  equivalent  unifonn  pressure  loading  was  selected  based  txi  the  nouunifonn  impulse  at  the 
spproximate  1/4  points  of  the  span.  Hgure  4  shows  the  lesultinf  -ero  rise  time,  tiiangular 
pressure  pulse  magnitudes  and  duradtHis  for  the  20  and  50  foot  ^pans.  More  rigorous  techniques 
for  computing  structural  loading  threats,  shelter  geometry,  and  material  properties 

would  be  used  once  the  ranges  of  required  input  parameters  are  established.  The  current  study 
focuses  on  devekpment  of  a  procedure  for  structural  design  of  the  roof,  aikl  thnefore  the  loads 
were  chosen  to  simply  reflect  a  reasonable  design  situation. 


Hgure  3.  Peak  Dynamic  Pressure  on  Shelter  Roof  From  Assumed  Thieat 


17 


Pressure  (PSU 


Duration  (msec} 


Duration  Cmsec) 


Fi] 


Idealized  Dynamic  Structural  Loadings  for  20  and  50  Foot  Roof  Spans. 


Constraints  on  beam  geometry  and  w  eight  must  consider  the  types  of  equipment 
normally  available  for  transportation  and  ezectimi  of  the  beams.  For  exan^le,  the  conqrlement  of 
equipment  assigned  to  an  Air  Force  "Red  Horse"  unit  includes  light  eardi>moving  equipment, 
backhoes,  and  cranes,  ^th  this  equipment,  beam  weights  up  to  IS  terns  could  be  handled. 
During  initial  concept  develc^mient  and  evaluatiem,  beams  were  equally  sized  to  weigh  IS  tons 
for  comparison.  Realistically,  however,  the  availability  of  a  IS  ton  crane  in  a  combat  situatiem  is 
practically  nil  additkxi,  committing  valuable  air  and  ground  transpcmaiion  etpadty  to  hauling 
roof  beams  will  leqoiie  serious  cmisideration.  A  very  direct  relation^p  exists  between  size  and 
weight  of  roof  beams  and  the  level  of  protection  tiiey  provide.  Therefore,  during  an  actual 
design  phase,  the  designer  should  make  a  pragmatic  study  of  resources  readily  available  to  the 
field  troop  units  and  the  level  of  protection  desired  to  deteimine  a  maximum  allowable  weight 
and  size  for  the  rooi  beams. 

2.  Performance  Criteria 

The  purpose  of  this  section  is  to  describe  the  allowable  limits  of  the  structural 
response  to  ifynamic  loads.  The  two  primary  perfonnance  criteria  are  deflection  ductility  factor 
and  support  rotation.  Rationale  for  these  criteria  and  the  allowable  limits  will  be  described. 
Limits  will  be  given  for  the  different  materials  and  structural  systems  that  might  possibly  be 
utilized  for  roof  elements. 

DuctiliQr  measures  the  capacity  of  a  structure  to  absorb  energy  equal  to  the  work 
done  by  the  applied  loading.  As  seen  in  Section  2,  two  cmnmon  definititms  of  the  ductility  factor 
are  (1)  the  ratio  of  curvature  at  ultimate  to  curvature  at  first  yield,  and  (2)  the  ratio  of  the 
maximum  dynamic  deflection  to  yield  deflection.  The  definition  based  on  curvature  is  more 
common  in  structural  analysis  with  regard  to  the  resistance  of  structural  monbers  and 
connections  to  seismic  loads.  The  deflection  ductility  factor  is  preferred  in  blast-resistant  design 
because  the  analyses  usually  calculate  the  defiecticxi  of  the  structural  element 

An  additional  distinction  should  be  made  between  material  ductility  and  sectional 
ductility.  Concrete  is  by-and-large  a  brittle  material;  it  cracks  in  tension  (and  shear)  and  crushes 
(often  explosively)  when  its  compressive  strength  is  exceeded.  Steel,  on  the  other  hand,  is 
characterized  by  yielding  followed  by  significant  elongation  and  contraction  in  tension  and 
compression.  In  design  of  a  flexural  member,  the  sectional  ductility  is  the  more  important;  thus, 
in  a  reinforced  beam,  sinply  increasing  reinforcement  (materially  ductile)  and  not  changing  the 
concrete  (materially  brittle),  will  change  the  section  fiom  ductile  to  brittle  behavior.  In  effect, 
adding  more  reinforcement  may  cause  the  brittle  concrete  to  govern  the  section  behavior. 


19 


CoDversely,  using  bij^ier  strength  concrete  without  modifying  the  reinforcement,  has  a  beoeucial 
effect  on  sectional  ductility  even  thou^  the  material  itself  is  more  brittle  than  normal  strength 
concrete. 

The  AQ  Code  (Reference  3)  does  not  directly  prescribe  ducdliQr  limits.  Rather, 
it  sets  an  upper  liinit  on  the  amount  of  reinfoicement  in  reinforced  concrete  and  pt^stressed 
concrete  beams.  For  reinfaced  concrete,  diis  limit  is  75%  of  the  reinforeement  associated  with  a 
"balanced"  condition.  This  balance  point  is  tfte  theoretical  transitiai  between  a  ductile  Mure 
governed  yielding  of  the  reinforcing  steei  and  a  brittle  Mute  governed  by  crushing  of  the 
concrete  prior  to  yielding  of  the  reinfoccetnetu.  By  limiting  the  amount  of  reinforcing  to  75%  of 
that  ibr  a  balanced  condition,  beams  designed  accordingly  will  have  some  ductilit>'.  In  usual 
practice,  leiflfotced  courete  beams  have  between  20%  to  50%  of  the  "balanced"  reinfoicemenL 
This  ensures  that  the  beam  will  have  a  ducdli^  of  3  to  S  (Reference  2).  This  study  adopted  a 
maximum  allowable  docrilitv  tactor  of  6.  This  compares  with  a  value  of  7  in  Reference  19  for 
beams  v/ish  at  least  1/4  as  much  compression  steel  as  tensiou  steel,  and  a  ducUlity  of  6 
recommended  in  Refirence  18. 

Support  rotation,  calciil^iied  as  the  angul>r  rotadem  of  a  point  at  midspan  relative 
to  an  end,  provides  another  useful  criteda  for  assessing  structural  response.  Support  rotation 
roughly  corresponds  to  the  amount  of  curvature  in  the  yielded  "hinge"  region  of  the  beam  where 
moment  is  highest  As  described  in  Section  2,  the  ability'  of  a  beam  to  develop  a  hinge  without 
signifk;ant  loss  in  load  edacity  requires  that  the  concrete  in  compression  remain  relatively  intact 
This  occurs  for  a  nonnally  proportioned  reinforced  concrete  beam  when  tlie  tension  steel  yields 
while  the  concrete  is  <mly  moderately  strained.  Concrete  beams  with  a  relatively  high  ratio  of 
transvci-se  reinforcement  in  the  form  of  closed  hoops,  can  experience  large  curvatures  due  to  the 
effects  of  concrete  confinement  This  enhancing  effect  will  be  treated  in  more  detail  in  Section  5. 
More  commonly,  longitudinal  reinforcement  is  placed  in  tiie  compression  zone,  with  the  effect  of 
reducing  the  concrete  area  required  to  balance  the  tension  steel  force.  Since  the  beam  width  is 
fixed,  the  position  of  the  neutral  axis  shifts  upwards,  causing  an  increase  in  the  curvature. 

The  interaction  of  many  factors  results  in  a  Mly  complex  procedure  for 
estimating  suppon  rotation  (References  24  though  27).  In  general,  normally  propordoned 
reinforced  concrete  maintains  its  ultimate  flexural  resistance  for  support  rotation  up  to  2**. 
Achieving  support  rotation  up  to  4°  requires  an  equal  amount  of  tension  and  compression 
reinforcement,  as  well  as  transverse  reinforeement  to  confine  the  compressive  reinforcement  and 
prevent  shear  failure  (References  16  and  18).  For  this  study,  a  limiting  suppon  rotation  of  4” 

was  U5«i  for  cysUuatibii  gf  all  .caassm- 
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B.  DYNAMIC  ANALYSIS  METHOD 


The  dynanc;:  response  of  the  roof  beam  is  determined  using  an  equivalent  single  degree- 
of~€reedom  (SDOF)  model  which  provides  a  number  of  advantages.  This  approach  requires  oily 
moderate  con^utadonal  effort  yet  provides  sufficient  accuracy  for  simply  supported  beams,  thus 
allowing  the  analyst  to  investigate  a  wide  range  of  designs.  The  analysis  may  be  earned  out  by 
hand,  with  die  use  of  readily  available  respcaise  charts  (e.g.,  Refeicnces  10,  14,  and  43),  or  with 
a  computer  using  a  beam  analysis  program  (e.g.,  Refexence  44),  and  SDOF  analysis  program. 
This  approach  is  widely  used  and,  therefore,  familiar  to  the  design  community  performing  work 
in  this  area. 

Strain  rate  effects  due  to  high  dynamic  loading  and  response  rates  rend  to  increase 
apparent  strengtlt  of  the  construction  materials,  compared  to  the  nominal  strengths  measured  by 
static  mill  rests.  This  strength  increase  is  ^ically  considered  in  the  dynamic  analysis  by  a 
percentage  increase  in  the  range  of  10-15%  for  steel  and  concrete  (e,g..  Reference  16,  19),  In 
diis  study,  a  10%  increase  is  tpplied  to  the  static  strength  of  concrete  and  conventional  (mild) 
steel.  No  increase  Is  applied  to  prestress  strands. 

This  sectifm  briefly  summarizes  the  SDOF  analysis  method  used  in  the  design  procedure. 
The  basis  for  the  method,  its  assumptions,  and  how  it  is  ^rlied  to  the  current  problem  of 
designing  roof  beams  is  described.  The  formuilas  for  determining  flexural  resistance  and  sriffhess 
are  contained  in  Appendix  A. 

1 .  Calculation  of  Flexural  Resistance 

The  two  basic  requirements  used  to  calculate  flexural  resistance  are  strain 
compatibility  and  force  equilibrium.  Addidonal  assumptions  and  limitations  given  in  the  ACI 
Building  Code  (Reference  3)  and  the  American  Institute  of  Steel  Construction  (AISC)  Manual  of 
Steel  Construction  (Reference  45)  provide  additional  guidance.  The  assumptions  and  approxi¬ 
mations  inherent  in  the  calculation  of  flexural  resistance  are; 

1)  Strain  is  directly  proportional  to  the  distance  from  the  neutral  axis. 

2)  Concrete  compressive  stress  is  modeled  by  a  uniform  rectangular  stress  block  with 
a  stress  of  0.85f  'g  acting  over  a  depth  a^Pjc,  which  should  not  be  greater  than  the 
thickness  of  the  top  slab,  where  c  is  the  depth  to  the  neutral  axis. 
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3)  Stress  in  reinforcing  steel  or  pkte  is  pR^rtionsl  to  up  to  ..ridd,  thereafter, 
stress  is  talren  as  fy  for  the  grade  of  teinfaiceni^t  used. 

4)  Tensim  and  compression  reinfcHcecoent  are  lumped  at  two  relative  to  the 

top  of  die  beam. 

5)  Maximum  usable  concrete  con^nessxve  strain  is  0.(K}3. 

6}  Tensile  strength  of  coacrete  is  neglected 

7)  Flexural  strengdi  of  a  sted-concrete  con^posite  secticai  is  detennined  from  a  plastic 
stress  distiibadtHi  ai  die  con^osite  section;  the  web  hd^t  and  duckness  must 
meet  a  g^voi  criteritm,  and  sufficient  shear  connectors  are  provided  to  develop  the 
TmTimmn  flexuial  Strength  of  the  coojposite  l^am. 

8)  Effective  width  of  the  slab  b^  on  each  side  of  the  centerline  of  the  beam  or  webs 
does  not  exceed  one  eighth  of  the  beam  span  or  one-half  the  distance  to  the 
adjacent  web  (see  Hgure  5). 

9)  The  rado  of  beam  length  L  to  efteedve  depdi  d  will  not  be  less  than  5 . 

10)  No  load  factors  are  used  and  resistance  factors  "(ti”  are  set  to  unity. 


Steel  -  Concrete  Conposite  HainforcaC  Concrete  or  Prestreseeu 


Hgure  5.  Effeedve  Width  of  Slabs  for  Three  Concepts. 


22 


Appendix  A  contains  dendls  of  the  closed-form  equadons  for  the  static  resistance 
for  each  of  the  c(»cepts  ctmsidered.  equadcms  were  developed  for  box  or  T-slu^>ed 

reinforced  or  prestressed  ccmcrete  sections  and  include  cases  in  vdiich  die  compcessiDn 
reinforeeTDent  does  or  does  not  reach  yield,  lliefoinnilas  presented  require  that  the  compression 
2oat  occurs  entirely  within  die  top  flange.  This  results  in  a  more  ei65ciem  design  and  avtnds 
amhiguides  that  arise  in  computing  die  dqidi  of  the  compiessitm  Mock  (Rdference  46).  The 
fomul^  for  ^innfosYxd  ccmcrete  and  steel-ctmcrete  con^xisite  provide  a  direct  solution;  die 
prestressed  iranmilas  seaerally  require  (me  or  two  iteradons  to  otxain  a  cdose  estimate 

of  the  stress  in  the  piestressing  strand.  Additkmal  formulas  are  presented  for  checking  the 
permissible  remforcing  rad o  and  choosing  an  adequate  steel  web  for  the  composite  beano. 

The  noirinal  m'uneDt  c^iacity  is  dien  expressed  in  tenns  of  the  maximun:  force 
produced  by  a  unifcxmly  di^;ttibu!ed  load.  Subtracting  the  weight  of  the  beam  and  overlying  soil 
layer  provides  die  nci;  beam  for  the  SDCXP  model 

2.  Calculadon  of  Herncnt  Sd&ess 


Calculadng  the  roof  beam  sd£hiess  entails  Tnaking  an  assun^idon  of  the  effective 
moment  of  inertia  In  dyn*‘inic  analysis,  tills  is  graeially  taken  for  reinforced  concit^  as  the 
average  of  the  gross  section  nioment  of  inertia  Ig  and  cracked  section  moment  of  inertia  I^p  as 
described  in  Section  2.  Neglecting  die  ocmtribution  of  the  reinfbircement  on  the  gross  moment  of 
inertia  has  been  shown  to  be  a  reasonable  sUnr?ificatioQ  (Reference  30).  The  stiffeess  calculation 
for  the  cranposite  steel-concrete  beam  uses  the  gross  mometit  of  inertia  of  the  transienned 
section.  Hnite  eleosent  analysis  piovkies  a  means  of  validating  these  asmmptions,  as  described 
later  in  Section  4,  Tbe  details  of  coixqiuting  beam  moment  of  inertia  and  stifhiess  are  presented 
in  Appendix  A. 

3.  SDOF  Calculation 

The  equivalent  SDOF  model  of  the  beam  is  obtained  by  using  transformation 
factors  appropriate  for  the  intended  level  of  response,  load  distributioii,  and  boundary  ccmditicHis. 
The  technique  for  obtaining  transformatitm  factors,  as  well  at  numeric  values  for  the  load-mass 
transformatioii  factors  that  were  used,  is  described  in  Reference  10.  Herein,  this  method  cf 
analysis  involves  iqiproxiiiKting  the  beam  response  as  elastic-perfecdy  plastic  with  a  plastic  hinge 
concentrated  at  midspan,  the  load  as  a  urvfotm  distribution  with  some  average  duration,  and  the 
supports  on  each  end  as  infinitdy  rigid  and  strong.  These  sirr^lifying  approximations  are 
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accqitable  pven  the  uncertainty  associated  widi  dneat  assessmrat  and  detenoainadon  of  die 
actual,  dme-dqpradent  stnictural  loads. 

Refinemeots  such  as  diose  proposed  in  References  8  and  47  to  moie  accurately 
represent  the  ntmlinear  beam  response,  nonlinear  noosymmetric  support  conditicms,  and  soil- 
structure  interaction  are  justified  when  greater  accuracy  is  required  or  u^en  actual  cmistruction 
c<xiditic«is  are  better  known,  such  as  .  analysis  of  lab  or  field  test  results.  Alternatively,  using  a 
refined  model  during  final  design  allows  the  engineer  to  evaluate  the  design  parameters  whidi 
have  the  greatest  infiuenoe  (xi  die  perfonnance  of  the  shelter.  Specific  suggestions  altmg  diese 
lines  are  given  in  Section  8:  Conclusions  and  ?,ecommendati(Mis. 

The  response  of  the  resulting  SDOF  system  can  be  determined  using  prepared 
response  charts  or  numerical  integration  of  the  equatimis  of  motion.  The  present  study  utilized  a 
constant  acceleration  integratimi  method.  This  calculation  was  performed  in  a  spreadsheet  that 
also  contained  die  formulae  for  beam  resistance,  mass,  and  stiffoess.  By  combining  the  numerical 
integratitxi  with  the  reastance  function  procedure,  a  very  useful  design  tool  was  obtained.  The 
same  result  could  be  accomplished  by  developing  a  Basic  or  FORTRAN  program  containing  the 
same  calculations.  A  qiteadsheet  was  chosen  because  of  the  low-overhead,  flexible 
programming  envittmment,  and  ad-hoc  grtqibics  cs^pabilities.  One  disadvantage  of  the 
spreadsheet  format  is  the  inherent  difBculty  in  cheddng  and  "debugg^g"  complex  formulas. 

The  results  from  eidier  greq[ducal  or  numerical  integration  were  fximparei  with  the 
performance  reqmrements  to  determine  the  soitaltility  of  a  design.  Solution  of  tue  SDOF  s^’stem 
graphically  gives  the  ductility,  fiom  vtliich  the  maximum  di^lacement  and  support  rotation  can 
be  obtained.  When  numencal  integration  is  used,  the  maximum  diq>lacerrent  is  obtained  directly, 
from  which  the  ductility  and  support  rotation  are  calculated.  If  either  requirement  was  exceeded, 
the  design  was  modified  and  the  analysis  repeated.  Once  an  acceptable  desip  was  obtained,  it 
was  cbedoed  to  ensure  that  fiexutal  failure  was  the  governing  response  of  the  beam.  This  was 
primarily  a  matter  of  providing  adequate  shcai’  reinforcement 

The  desip  procedure  utilizes  two  methods  to  estimate  the  dynamic  shear  force  in 
the  beaxxL  A  tiiind  method  would  be  used  when  response  charts  are  used  to  obtain  the  system 
response.  The  first  ipproach  ctmsiders  the  dynamic  equilibrium  of  the  load  and  the  beam's 
resistance  and  inertia.  This  approximate  method  uses  the  assumed  deflected  shape  to  calculate 
the  inertial  force.  Summing  moments  about  the  midspan  leads  to  a  sinple  expression  for  the 
dynamic  reacticHi  invfiving  the  ippUed  force  and  resistance  for  both  the  elastic  and  inelastic 
ranges  (Reference  10). 

The  second  approach  includes  the  contribution  from  the  higher  normai  modes 
vdtich  become  increasingly  important  for  calculations  involving  higher  derivatives  of  the 
deflection  expressicat,  as  for  shear  (RefereiK»  10).  As  described  in  Section  2:  Literature  Survey, 
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for  short  duration  loads  that  are  not  purely  impulave.  a  BenioulIi>Eu3er  beam  may  be  used,  and 
shear  defonnadcHi  and  rc^adonal  inenia  are  neglected  In  the  first  step,  the  natural  fiequendes 
for  modes  (me,  three,  and  five  for  a  sin^  span,  an^ly  sufqxnrted  beam  with  uniform  mass  are 
determined  Dynannc  load  foctors  were  that  calculated  for  SDOF  systems  with  diese 
fiequendes.  Tl:o  shear  force  at  any  given  distaixe  was  coaq>uted  by  summing  the  cootiibutitm 
of  de  modes  considezed  Specific  formulas  are  d^en  in  Aiqjendix  A. 

Sin(%  this  ipproach  (»ly  qtplies  to  an  dasde  system,  Ais  nonnal  mode  technique 
was  used  to  calculate  the  beam  shear  for  tima  steps  up  to  the  ykdd  point  Hus  was  adequate 
because  Ae  high  fiequmc^  centent  of  short  duration  d^noamic  loads  causes  the  maximum  shear 
to  occur  before  Ac  beam  has  reached  the  point  of  maximum  reastance.  The  higher  of  Aese  two 
results  was  then  used  for  designing  Ae  shear  reinfoiceinent 

A  Aixd  meAtxi  would  be  used  when  soludtm  is  obtained  from  response  charts 
raAer  than  numerical  integration.  A  conservative  ^ypioximation  for  Ae  dynamic  shear  can  be 
determined  by  (xmibiningAe  initial  kwd  magnitude  and  maximum  resistance  using  Ae  expression 
for  Ae  dynamic  reaetkm  m  Reference  10. 

C  ADDITIONAL  DESIGN  DETAILS 

The  purpose  of  Ais  section  is  to  identify  and  generally  describe  Ae  structural 
requirements  that  must  be  adequately  deagned  to  ensure  Aat  Ae  beam  can  devel(^  its  intended 
flexural  strengA  and  ductility.  Other  limit  states,  such  as  shear  failure,  must  be  prevented  fiom 
governing  Ae  ultimate  stiengA  of  Ae  beam.  This  requires  careful  mvestiganon  of  all  potential 
failure  modes  and  designing  and  detailing  Ae  beam  such  Aat  flexural  re^xnse  governs. 

Due  to  Ae  iinportance  of  Aese  desip  consideraticMis,  several  conservative  assumptions 
were  made;  namely,  Ae  strengA  reduction  factors  fiom  the  relevant  portions  of  Ae  concrem  and 
steel  desip  codss  (References  3  and  45)  were  used  to  factor  Ae  nominal  strengths  and  material 
properties,  but  were  not  increased  for  (fynanhe  load  effects.  Member  sizes  were  proportioned  or 
checked  ftn*  confonnity  wiA  code  provisions  for  concrete  cover,  rebar,  or  surand  spacing  and 
weld  requirements.  Some  of  Aese  assexnated  desip  (xmsideraticxis  are  described  in  Ae  following 
sections. 

1.  Reinforced  Concrete  Concept 

Smee  Ae  desip  procedure  treats  shear  behavior  as  a  nonducdle  response  mode, 
Ae  factored  shear  resistance  of  Ae  beam  must  equal  or  exceed  Ae  estimated  dynamic  shear 
force.  This  is  exactly  Ae  same  as  Ae  desip  for  c(xiventional  loads,  and,  Aerefore,  Ae  desiper 
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is  refened  to  texdxxrics  for  luoie  cmplete  details  cm  designing  and  detailing  shear 
leinforoemenL  The  discossm  herein  will  touch  on  some  of  die  issues  that  are  paiticulaiiy 
relevant  to  blast-resistant  design. 

The  shear  resistance  of  a  reinforced  concrete  beam  consists  d  two  parts,  the 
concrete  shear  cqumity  V(.  and  die  shear  reinfoicement  cqiacity  Vq.  The  AQ  code  allows 
to  be  taken  as: 


Vc*=2-^(bwd)  (2) 

where  is  die  widdi  of  die  web  and  d  is  die  effective  depth  to  the  rmnforcmg.  The  alternate 
equation: 

*  a9.^+2500pw^)bwd  (3) 

=  Aj/Cb^d) 

Vq.  Mq  s  acting  shear  and  moment  at  section 

should  not  be  used  because  it  underestimates  the  effect  of  for  beams  witiiout  web 
reinfotcanent  and  is  not  entirely  correct  in  its  treatment  of  a/d  (oqnessed  as  Vud/My).  For 
these  reasons,  die  AQ-ASCE  Committee  on  Shear  and  Diagmial  Tension  recommended  that  this 
equation  not  be  used  (Refermce  48)  and  the  AQ  Code  suggests  that  the  first  equation  provides 
a  convenirat  estimate  of  die  concrete  shear  c^iaci^. 

In  the  section  on  seismic  design,  under  ceatain  conditions  the  AQ  Code  does  not 
allow  using  die  concrete  cqiacity  for  computing  the  shear  resistance.  This  requiremeDt  s 
based  on  eiqietimental  studies  that  demonstrated  that  more  shear  reinfotcement  is  required  to 
insure  a  flexural  failure  if  the  member  is  sutgected  to  alternating  nonlinear  displacements  in  the 
absence  of  axial  loads.  This  stratagem  is  inmnded  to  increase  the  amount  of  shear  remfotcement, 
not  reduce  the  amount  of  concrete.  In  fact,  the  concrete  core  may  resist  all  the  shear  with  the 
shear  leinfotcajient  providing  oemfinement  and,  thus,  strengthening  the  concrete.  While  it  is  not 
suggested  that  the  concrete  capacity  V^.  be  neglected  in  designing  the  shear  resistance,  the 
designer  should  be  aware  tiiat  load  reversal  during  rebound  and  subsequent  reloading  will  cause 
coc^ilex  stress  patterns  that  ordinarily  do  not  occur  in  members  under  monotonic  loads. 

Design  of  shear  reinforceiiient  is  based  on  the  number  of  transverse  Teinforcing 
bars  crossed  by  a  potential  diagonal  shear  crack.  The  AQ  Code  gives  the  amount  of  shear 
capacity  provided  by  transverse  reinforcing  to  be; 


Vc 

where: 


26 


(4) 


_Avfyd 
Vs-— . 


where  Ay  is  tbs  total  area  of  die  transverse  hoop  or  sdzr^p,  fy  is  die  yield  strengdi  of  die 
reinforcement  and  s  is  the  i^iadng  between  hoops  or  sturups.  Stimqis  should  not  be  used,  Iwt 
rather  closed  hoops  or  hoops  ctnistructed  from  a  stimip  and  cro^de,  as  described  in  ACI  318 
21.3.3.5.  Hoqps  serve  to  ctxifine  the  concrete,  engage  and  buendly  support  the  longitudinal 
rdnforconeat,  and  provide  positive  anchorage  for  die  vertical  legs  of  die  transverse 
reinforcement  Ccnnltining  the  above  equatimi  with  the  concrete  cqiadty  gives; 


VuS4i(Vc  +  Vs) 


(5) 


where  Vu  is  die  shear  force  confuted  by  the  (fynamic  analysis.  Substitution  of  the  eiqiressions 
for  V(.  and  and  rearrangement  gives  the  design  equation: 


Ay  (Vu-»Z^b,d) 
$  ^yd 


(6) 


NCniinmn  spacing  of  transverse  reinfoccing  is  given  in  AQ  318  11.5.4.1  and  llUi.4.3  as  the 
smallest  of  d/2  or  24  inches,  or  vdien  Vg  exceeds  2V(.,  d/4  or  12  inches.  The  latter  values  also 
appear  in  the  cocre^nding  code  section  on  seismic  design,  AQ  21.3.3.2,  in  addition  to  such 
spacing  not  exceeding  eight  tiroes  the  diameter  c£  the  smallest  longitudinal  bars  or  24  times  the 
hoop  bar  diameter.  The  primary  purpose  of  this  icquhenient  is  to  confine  the  ccaicrete  and 
maintain  lateral  support  for  the  longitudinal  reinfaecing  bars  in  regions  where  yielding  is 
expected.  In  the  middle  of  the  beam,  the  requireniait  for  area  of  reinfmceiiient  should  be  based 
on  die  minimum  requiraiient.  given  as: 


=  50- 


(7) 


Applying  this  requirement  to  the  case  of  a  singly-supported,  single-^an,  dynamical^  loaded 
beam,  transverse  leinfacdng  occurs  not  wily  near  the  ends,  but  also  in  the  middle  of  the  beam. 
This  reinforcement  should  extend  over  a  lengdi  equal  to  twice  the  member  dqitfa  on  bodi  sides  of 
a  section  where  flexural  yielding  is  likely  to  occur. 

Ihe  AQ  Code  limits  the  shear  edacity  not  greater  than  8^^  (b^d)  as  a 

means  of  ccntrcdling  crack  widths  at  service  loads.  Since  service  loads  do  not  represent  a 
significant  fraction  of  the  strength  of  blast-resistant  roof  beams,  diis  lequiiement  appears 
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iirelevanL  However,  a  sectaxl  reason  for  tins  fincnt  does  apply  to  die  presoit  case  is 
ctmtroUing  the  stresses  that  develt^  m  the  cooqiressioa  dtagcwaJs  in  die  web  of  a  beam.  This  is 
accompKshed  in  some  codes  by  limiting  the  nltimatr,  shear  stress  to  0.2  to  0.25  times  the 
coaqnessive  strength  of  die  concrete.  The  ACl  Code  liniit  on  Vg  for  crack  ccoitrol  provides 
adequate  safey  against  web  cmshii^mreinjBafcedcmiciete  beams. 

2.  Prestressed  Omcrete 

Design  ai  shear  imnfofcement  for  prestressed  ctmciete  is  performed  according  to 
ACl  Code  Chapter  11.4.  Several  differences  between  prestressed  and  convendonal  reinfoccing 
include  die  effect  of  prestress  on  the  shear  capacity  of  the  ctmcrete  the  location  of  die  critical 
section  at  h/2  versus  d  from  the  support,  and  the  q»cing  limits  for  shear  reinfcxcement  of  3h/4 
versus  d/2  for  ptestiessed  versus  convendoiial  leinfoEced  concrete.  The  procedure  f<v 
calculating  the  shear  capacity  will  be  described.  As  mendoned  earlier,  the  designer  should 
refer  to  a  concrete  derign  textbook  for  aAtirinnal  infonnadmi  on  shear  derign  and  reinfoicemeat 
detailing. 

For  the  case  of  a  unifonnly  loaded,  singly  supptxted  beam,  the  shear  c^iacity  of 
the  concrete  Yq  varies  according  to: 

Vc  *  (O.dir +700^)bwd  (8) 

where  M^  and  Vq  are  the  factored  mmnent  and  riiear  at  the  section  being  investigated.  Wq  need 
be  taken  less  than  zjf^(b^fd)  ntx  greater  than  S^^Cb^d).  The  quantity  Vud/M^  is 


not 


limited  to  values  less  than  1.0.  and  for  the  case  being  considered,  can  be  expressed  by: 
Vpd  d((-2x) 


M 


U  x(l-x) 


(9) 


where  £  is  the  ^>an  length,  x  is  the  distance  fonn  the  supptxt  to  the  secd(»  being  investigated, 
and  d  is  defined  a.^^^  the  distance  from  the  extreme  compression  fiber  to  the  centroid  of  prestress 
reinfoicemenL 

Ihe  calcularitm  for  above  as.sumes  the  prepress  is  at  100%  of  its  effective 
value.  Wb.cn  the  critical  secdon  Qi/2}  is  closer  to  the  end  of  the  member  than  the  transfer  length 
of  the  prestressing  tendcai,  must  be  reduced  accordingly.  Widiin  this  region  the  prestress  is 
assumed  to  vary  lineariy  from  zero  at  the  end  of  the  strand  to  a  maximum  at  a  distance  of  50 
strand  diameters,  4$.  This  result  is  used  in  calculating  the  web-shear  cracking  strength 
which  is  taken  as  the  limidng  value  for  Vq; 
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Vcw  =  (3.5^ + 0.3fpc  )bwd  +  Vp 


(10) 


wiure: 

fpc  s  COTipressive  stress  in  the  concrete,  afto  allowing  for  all  prestress  losses,  at 
centroid  of  cross  section;  when  centroid  lies  within  the  flange,  fp^.  is 
calculated  at  junction  of  web  and  flange. 

Vp  s  vertical  comptxient  of  effective  prestress  f<»ce  at  section  (if  strands  are  inclined 
to  axis  of  beam). 

d  =  distance  fiom  the  extreme  compression  fiber  to  centroid  of  prestressed 
reinforcement  or  0.8h,  whichever  is  greater. 


a)  Ndt  Recenmanded 


b)  Racotrmended 


Figure  6.  Abutment  Requirement  for  Prestressed  Roof  Beam 
to  Avoid  Tensile  Bond  Failure. 
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This  simati<m  is  depicted  schematically  in  Hguxe  6a  showing  a  beam  resting  on  a 
support.  The  cndcal  section,  at  h/2  from  the  support,  is  within  the  transfer  length  of  the 
prestress  strand  assumed  to  be  SOds-  Therefore,  the  shear  capacity  of  the  concrete  in  this  critical 
portion  of  the  beam  where  shear  forces  are  hipest  must  be  reduced.  This  reduction  could  be 
avoided  by  locating  the  prestress  transfer  zone  on  the  outside  of  the  support,  as  shown  in  Hgure 
6b.  This  design  detail  is  recommended  for  preventing  a  brittle  failure  termed  shear-tension, 
which  occurs  when  shear  cracks  cross  the  region  of  transfer  length  and  destroy  the  bond  between 
the  prestress  strand  and  concrete  (Reference  49).  When  this  occurs,  the  prestress  strands  are 
ineffective  and  the  beam  will  experience  a  premature,  nonductile  failure. 

A  mote  detailed  calculation  of  the  shear  edacity  of  prestiessed  concrete  is  given 
in  the  AQ  Code  Section  11.4.2.  This  approach  considers  two  types  of  inclined  cracking:  web- 
shear  cracking  and  flexure-shear  cracking.  The  corresponding  concrete  shear  capacities  are 
designated  as  and  respectively.  The  calculation  for  has  been  given  above  using 
ACI  Eqn.  11-13.  This  formula  is  based  on  the  assumption  rbat  web-shear  cracking  occurs  due  to 
the  shear  causing  a  principal  tensile  stress  of  approximately  ^  at  the  centroidal  axis  of  the 
cross  section.  The  vertical  component  of  prestress  force  Vp  is  calculated  &om  the  effective 
piesness  force  without  load  factors. 

The  inclined  flexure-shear  crack  capacity,  is  the  sum  of  the  shear  required  to 
cause  a  flexural  crack  plus  an  additional  increment  of  shear  required  to  change  the  flexural  crack 
to  a  flexure-shear  crack.  is  calculated  by: 

I 

Vci-0.6-.‘fc(bwd)+Vd+-^  (11) 

’  Mmax 

where: 

Vd  =  shear  force  at  section  due  to  unfactored  dead  load 

Vi  =  factored  shear  force  at  section  due  to  externally  applied  loads  occurring 

simultaneously  with  M^jax 

Mct  =  moment  causing  flexural  cracking  at  section  due  to  externally  applied  loads 

Mjuax  =  maximum  factored  moment  at  section  due  to  externally  applied  loads 

For  the  present  case  of  a  noncoraposite,  unifonnly  loaded  beam,  ACI  Eqn.  11-11  reduces  to: 

Vd  (U) 

•  My 

where; 
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Vjj  =  factored  shear  force  at  section 

My  ==  factored  moment  at  section 

Met  moment,  including  dead  load,  required  to  cause  cracking  at  the  extreme 

fiber  in  tension,  given  by 

Mct=(I/yt)(6-/fe+fpe)  (13) 

where: 

I  =  moment  of  inertia  of  section 

Yt  =  distance  from  centroidal  axis  of  gross  section  to  extreme  fiber  in  tension 
fpe  ==  compressive  stress  in  concrete  due  to  effective  prestress  force  at  extreme  fiber 
of  secdon  where  tensile  stress  is  caused  by  externally  applied  loads 

In  design  either  ACI  Eqn.  11-10  would  be  used,  or  the  lower  of  VeworVeiifa 
more  detailed  calculation  is  performed,  to  determine  the  contribution  of  the  concrete  capacity 
to  the  shear  capacity.  Design  of  the  shear  reinforcement  for  prestressed  beams  uses  the  same 
procedure  as  described  for  reinforced  concrete  in  the  preceding  section. 

Two  additional  design  considerations  specific  to  prestressed  concrete  include  the 
permissible  concrete  tensile  stresses  after  presiressing  and  the  permissible  stresses  in  presuessing 
tendons.  Permissible  concrete  tensile  stresses  are  applicable  izxanediately  after  transfer  of  the 
prestressing  force  and  are  limited  to  control  sertticeability;  lintiting  the  tensile  stresses  reduces  the 
occurrence  of  cracking  which  degrades  the  beam's  stiffness  and  corrosion  resistance.  Tlte 
purpose  of  limiting  the  stress  in  prestress  tendons  is  to  provide  an  adequate  safety  factor  under 
service  conditions. 

Permisable  concrete  tensile  stresses  immediately  after  prestress  transfer  should 

not  exceed; 


0.6f  'ci  for  extreme  fiber  stress  in  compression; 

at  extreme  fiber  in  tension,  except  at  ends  of  simply  supported  memben 


this  value  may  be  6.0 


where  f 'd  is  the  compressive  strength  of  concrete  at  time  of  initial  prestress. 


When  investigating  stresses  at  the  section  where  the  prestress  load  is  transferred, 
strain  and  stress  are  assumed  to  vary  linearly  across  the  gross  cross-section.  When  the  resulting 
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tensile  stresses  exceed  penxdssible  values,  auxiliary  reinforcement  must  be  provided  in  the  tensile 
zone  to  resist  the  tensile  force  in  the  concrete.  The  stress  in  this  tensicxt  reinforcement  should 
not  exceed  0.6f^  not  30,000  psi  (in  order  to  control  crack  widths).  Ncrmally  the  amount  of 
tension  reinforcement  provided  for  rebound,  constructabili^  and  concrete  confineinent  meets  this 
requirement 

Permissible  stresses  in  the  prestressing  tendons  are  not  allowed  to  exceed; 

0.94fpy  due  to  jacking  f<»ce, 

0.82fpy,  but  not  greater  than  0.74fpii.  immediately  after  piestress  transfer, 

where  fpy  and  fpu  axe  the  yield  and  ultimate  tensile  strengdis  of  prestressing  strands, 
respectivdy. 

3.  Steel'Oxicrete  Ck>mposite 

The  shear  capacity  of  the  steel*concrete  composite  beam  is  assumed  to  be 
provided  by  the  p^je  girder  portion  of  the  beam.  Within  the  plate  girder,  the  web  carries  the 
majority  of  the  shear,  and  therefere,  the  shear  capacity  of  the  beam  is  detennined  &om  the  shear 
resistance  provided  by  ihe  web(s}.  Calculation  details  are  contained  in  Appendix  A,  taken  from 
References  45  and  50. 

Composite  action  is  accomplished  by  providing  adequate  shear  connectors 
between  the  plate  girdei  and  the  concrete  slab.  The  number  of  shear  connectors  is  determined  by 
the  smailei'  of  fhe  comprecsivc  force  in  the  concrete  (0.85f  'c\)  or  the  tensile  force  in  the  girder, 
assuming  all  the  steel  has  yielded  (A^Fy).  hi  normal  simarions  the  first  of  these  two  conditions 
will  apply.  For  stud-type  shear  connectors,  the  strength  of  one  shear  stud  is  given  by: 

Qn  ^O.SAjc^f^Ec  <  AscFu  (1^) 


where* 


Asc  s  cross-sectional  area  of  stud,  in.^ 

1  'c  =  compressive  strength  cf  concrete,  k.«i 

Fq  =  .lanimum  specified  tensile  strength  of  i*.  stiul  shear  connector,  ksi 
£c  =  tnodu^us  of  elasticity  cf  concrete,  ksi. 


32 


For  9  shannei  shear  c(Hmector,  the  nominal  strength  is  given  as: 

Qn  *0.3(tf  +0.5tv,)Lc.^E7  (15) 

where: 

tf  «  flange  thickness  of  channel  shear  connector,  in. 
tw  web  diickness  of  channel  shear  connector,  in. 

Lq  s  length  of  channel  shear  connector,  in. 

The  number  of  shear  connectws,  n^ct  required  between  the  sectic«  of  maxirmiin 
bending  mmnent  and  zero  bending  moment  for  the  usual  case  is: 

0.85f’Ap 

Q„ 

For  the  case  of  a  simply-suppcmed,  unifocmiy  loaded  beam,  n^c  shear  connectors  would  be 
uniformly  distributed  on  each  side  of  the  beam  starting  at  midspan.  Thus,  the  total  number  of 
shear  connectors  equals  twice  the  number  calculated  above.  Summarizing  the  AISC 
requirements  for  shear  connector  placement  and  spacing: 

1)  At  least  1  inch  of  lateral  concrete  cover, 

2)  Diameter  of  shear  stud  not  greater  than  2.5  times  flange  thickness,  unless  located 
directly  over  the  web; 

3)  Minimum  center-to-center  spacing  along  Itmgitudinal  and  transverse  directions 
not  less  than  6  and  4  stud  diameters,  respectively; 

4)  Maximum  center-to-center  ^^acing  not  greater  than  8  times  the  total  slab 
thickness. 

4.  Shear  and  Bending  of  Top  Slab 

This  final  topic  addresses  design  of  the  top  slab  for  transverse  shear  and  bending 
behavior.  Up  to  now,  the  primary  failure  modes  considered  have  been  l(»igitudinal  bending  and 
vertical  shear  of  the  entire  beam.  Considerable  emphasis  has  been  placed  on  providing  adequate 
shear  strength  to  insure  that  the  beam  will  experience  a  ductile  flexural  failure  mode.  In  a  similar 
vein,  the  roof  beam  must  be  designed  to  resist  transverse  shear  cracking  or  flexural  failure  within 
the  top  slab. 
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Hgure  7  shows  a  sdiemadc  cross  seati^Hi  of  a  idofocced  concrete  or  prestressed 
concrete  roof  beam.  Th«  overhanging  ptx^on  of  the  top  flange  was  considered  a  cantilever  fee 
analysis  and  de^gn  purposes.  HemfoicetDcnt  must  be  provided  to  preclude  a  flexural  Mure  or  a 
shearing  failure  as  shown.  The  analysis  and  design  described  in  the  following  secdons  include 
calculation  of  loads,  SDOF  ^proxtonustion  of  a  cantilever,  and  flexural  and  shear  design  details. 


Hguie  7.  Transverse  Shear  and  Flexural  Failure  Modes  of 
Reinfcxced  Concrete  or  Piestressed  Slab. 

a.  Structural  Loading 

The  equivalent  structural  lead  used  ^or  detenuirung  the  overall  flexural 
beam  strength  was  dependent  on  span  length.  Thus,  the  loadings  for  20  and  50  foot  spans  are 
not  the  same.  For  design  of  the  slab  for  transverse  bending  and  shear,  the  span  length  does  not 
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directly  influence  the  design  load  on  the  cantilevered  portion  of  the  slab.  Of  greater  importance 
is  the  distance  &om  the  blast 

The  most  severe  loading  for  designing  the  overall  flexural  beam  resistance 
was  represented  by  a  direct  hit  over  the  middle  of  the  beaia  However,  the  likelihood  of  a  hit  in 
the  middle  is  not  any  greater  dian  a  hit  at  any  other  location.  Ther^ore,  it  seems  logical  and 
ccMiservative  that  the  u>p  slab  transverse  bendii^  and  shear  strength  must  be  uniform  along  the 
entire  beam  length.  The  cmxe^nding  design  load  would  be  the  peak  pressure  and  duration 
horn  the  blast  Fen-  the  present  case,  this  design  load  was  a  linear  decreasing  pressure  of  675  psi 
with  a  duration  of  20  msec. 

b.  Bquivalent  SDOF  Model  of  a  Cantilever 

Analyss  of  the  slab  ^namic  response  is  acetMu^Ushed  be  using  an 
equivalent  SDOF  model  that  matches  the  mammiim  displacement  of  the  tip  of  the  cantilever 
under  uniform  pressure  loading.  Hguie  8  shows  a  model  of  the  real  and  equivalent  systems 
which  were  used  to  derive  transformati«i  factors  according  to  the  procedure  given  in 
Reference  10. 


Pit)  =  p{t)l 


Hgure  8,  SDOF  Model  of  Cantilevered  Roof  Slab. 
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Neglecting  shear  distention,  the  shape  function  used  to  evaluate  the 
transformation  factors  is: 


x^-4L^x+3L'* 

3V 


(17) 


where  x  is  measured  &om  the  cantilever  tip  and  L  is  the  total  length.  For  a  structure  with 
uniform  naass  (m)  along  its  length,  the  mass  factor  Kqj  is  determined  by: 


K 


m 


Me  _  f  m<i)^  (x)dx 
Mt  mL 


(18) 


and  equals  0.26.  The  load  factor  for  a  unifonnly  distributed  load  p(x),  calculated  by: 


_Fe  _  Jp(x)<|>(x)dx 

’'I'-iT - S 


(19) 


equals  0.4.  The  load-mass  factor  K^m  Is  quotient  of  the  mass  factor  and  load  factor  and  is, 
therefore,  0.65.  The  maximum  resistance,  in  terms  of  unit  width  of  the  slab  being  considered,  is 
expressed  by  Rjq  «  2Mp/L,  where  Mp  is  the  maximum  transverse  moment  capacity  at  the 
support  Lastly,  the  stifihess  of  the  cantilever  is  ks8£l/L^.  The  moment  of  inertia  I  was  taken 
as  the  average  gross  and  cracked  section  moment  of  inertia,  and  for  the  rectangular  cross-section 
was  approximated  by: 

3 

Ia=^(5.5p+ 0.083)  (20) 

where: 

b  =  unit  width  of  slab 

d  =  distance  from  extreme  comixession  fiber  to  centroid  of  tensile  reinforcement 
p  =  tensile  reinforcement  ratio  =  Aj  /bd 

The  dynamic  reaction  at  the  suppon  was  derived  using  the  procedure  in 
Reference  10  for  the  dynamic  equilibrium  of  the  element  considering  the  applied  loading, 
resistance  developed  by  the  element,  and  the  inertial  force.  For  clastic  response,  the  shear  force 
is  V(t)  =  0.59R(t)  +  0.31F(t),  where  R(t)  and  F(t)  are  the  time  dependent  resistance  and  loading 
functions. 
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c. 


Flexural  Design 


Resistance  to  flexural  Mure  is  provided  transverse  reinfoicenient  on 
both  tq>  and  bottcxn  of  the  slab.  The  amount  (tfreinfncement  should  limit  the  dynamic  iesp<xise 
to  a  ducdli^  and  aid  rotation  that  ^  not  result  in  significant  deterioration  of  the  concrete. 
Perfonnance  criteria  for  this  response  were  chosen  as  3  for  ductility  and  2**  for  rotation  at  the 
siq>pQrt 

The  ultiirutB  moment  cap&dty  was  calculated  per  unit  width  using  the 

formula  for  a  smgly-zeinfocced  lecrangular  beam: 


Mp  ~  Agfy  (d  ~  a  /  2) 

where: 


(21) 


As  B  axea  of  reiiifotcing  steel  per  unit  width 
fy  B  yield  sttength  of  reinforcing  steel 
a  B  depth  of  rectangular  stress  block 

Agfy 

^“o.SSf'cb 


(22) 


Note  that  the  load  causes  a  negative  moment  condition,  hence  in  the  above  equation  d  is 
measured  from  the  bottom  face  of  the  slab  to  the  middle  of  ’ihe  tc^  uansvcrse  reinforcing.  This 
reinforcing  should  be  continuous  across  the  top  and  bottom  of  the  slab  to  insure  development  of 
the  rebar.  It  was  assumed  that  this  reinforcement  would  be  placed  on  top  of  the  longitudinal  bars 
and  shear  hoops,  dqiicted  schematically  in  Hguie  9.  The  purpose  of  this  arrangement  is  to 
increase  the  effective  depth  and  use  a  smaller  area  of  steel.  Maximum  spacing  followed  the  ACI 
Code  for  slab  reinforcement,  which  is  the  smaller  of  three  times  the  slab  thickness  or  18  inches. 
In  general,  smalla  bars  with  a  closer  spacing  will  perform  better  than  larger  bars.  The  tighter 
spacing  will  serve  to  confine  the  concrete  and  ilie  smaller  bar5  will  develop  their  strength  in  a 
shorter  distance. 
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Figure  9.  General  Conitgamioii  Reinforcing  for  Slab  Portion  of 
Reinforced  Ccmciete  of  Prestressed  Beam. 

d.  Shear  Design 

The  transverse  shear  capacity  of  top  flange  is  analyzed  and  designed 
using  the  formula  in  3.C1  for  cofnputing  the  concrete  contribution  and  required  reinforcement 
Tlie  use  of  AQ  Eqn.  11-3  may  uadcrestiinate  the  shear  capacity  of  the  concrete  in  this  case.  -As 
shown  in  Figure  10,  slabs  in  the  interior  of  the  roof  rotate  during  loading  and  interference  with 
the  adjacent  slabs  causes  thrust  to  develop.  This  thrust  will  be  beneficial  to  the  shear  edacity  of 
the  concrete  V^.  The  AQ  Code  provides  several  fcrmulas  for  calculating  V(.  for  members  with 
axial  compression  with  flexure  (ACI  Eqn.  11-6  modified  with  Eqn.  11-7),  and  without  flexure 
(ACI  Eqn.  11-4  and  11-8).  Figure  11,  taken  from  the  AQ  Code  (Figure  11.3),  shows  a 
comparison  of  the  shear  strengdi  equations  for  members  subject  to  axial  load.  This  figure  clearly 
indicates  that  AQ  Eqn.  1 1-3  is  a  COTservative  lower  bound  for  the  shear  capacity  of  voncrete  for 
even  small  values  of  compressive  stress. 


Interior  Slobs 
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ngure  10.  Development  of  Thrust  in  Ro<rf  Slabs. 


Nu/Ag  ,  psi 


Hgiire  11.  Con^paiison  of  Shear  Strength  Equations  for  Membos  Sut^ect  to  Axial  Load. 

Development  of  an  approach  to  quantify  and  take  advantage  of  thrust  in 
calculating  the  concrete  shear  c:q)acity  encountered  several  difiSculties.  An  accurate 
determinadon  of  the  thrust  presents  the  first  problem.  Reference  51  presents  an  iteradve 
analytical  procedure  for  calculating  the  thrust  developed  in  a  jointed  mateiial  that  could  possibly 
be  modified  for  the  present  case. 

A  second  problem  is  that  the  thrust  could  not  develop  near  the  ends  of  the 
structure  or  where  slabs  are  not  in  contact  initially.  In  order  for  the  thrust  to  develop,  a  rigid 
abutment  must  exist,  such  as  where  an  interior  beam  is  in  intimate  contact  with  adjacent  beams 
which  are  also  in  contact  with  their  neighbors.  Near  the  ends  of  the  roof,  neighboring  beams  are 
not  fully  restrained  fiom  tr^islaticn  or  rotation.  This  would  also  occur  in  the  interior  where  gaps 
might  exist.  Since  maximum  o'ynamic  shear  occurs  very  early,  it  is  unlikely  that  closure  of  gaps 
as  the  beams  and  slabs  deform  over  a  longer  duration  will  be  of  any  benefit  In  light  of  these 
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problems,  the  influence  of  axial  duust  was  n^ected  in  calculating  the  ^ear  c^)acity  of  the 
concrete  Vg. 

The  shear  resistance  of  the  slab,  given  by  =  (Vc+Vj)  must  exceed  the 
peak  dynamic  shear  Y(t).  after  a  strength  reductiem  factor  ^  ~  0.85  has  been  t^licd:  V(t)  ^  <t>Vn. 
Such  strength  reduction  factors  are  not  usually  inchvW  in  blast-resistant  design  whoe  ductility 
is  allowed.  However,  since  it  is  diat  brittle  failure  not  occur,  some  oxiservatisni  was 

introduced  here  by  including 

Because  of  the  difticulty  (hence  cost)  associated  with  placing  shear 
reinforcement  in  conventional  siahg,  the  required  strength  is  usually  achieved  by  increasing  the 
thickneiK  of  tile  ccMicrete.  This  is  not  a  viable  optitm  in  the  piesrat  case  due  to  the  overall  weight 
constraints.  Anchorage  of  the  shear  xeanfneement  in  slabs  less  than  10  inches  tiiick  requires  that 
stirrups  or  ties  enclose  a  longitnrfinal  bar  tu  each  corner  or  end.  The  Itmgitudinal  bars  being 
enclosed  are  those  required  for  the  flexural  resistance  of  die  cantilevered  slab.  Rgure  9  shows  a 
schematic  of  the  flexural  and  shear  reinfotcing  in  the  slab. 
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SECTION  4.  CONCEPT  EVALUATION 
A.  DESIGN  PROCEDURE  ANALYSIS  OF  15-TON  BEAMS 

Thispc»rtioa  of  die  report  describes  applicaticxi  of  the  design  mediod  described  in  Section 
3  to  a  specific  problem  and  set  of  construction  materials.  Evaluation  criteria  were  used  to 
identify  die  most  promising  roof  beam  concept  This  evaluation  initially  ccmsKlered  three 
concepts  (reinforced  concrete,  prestressed  concrete,  and  composite  steel-ctmciete)  and  was 
based  only  on  fabrication  cost  Beam  weight  was  ccmstrained  to  be  15  tons  for  comparison 
purposes.  Subsequendy,  two  other  cmicepts  were  investigated  and  the  evaluation  criteria 
expanded  to  ccaisider  additional  factms. 

The  design  procedure  utilized  an  imiarive  approach  to  proportion  the  beams  and  select 
tiie  reinforcement  The  basic  design  variables  were  width  of  slab,  depth  of  the  beam,  and  amount 
of  leinfarcement  Sufficient  concrete  must  be  provided  to  adequately  anchor  and  provide 
minimum  spacing  for  die  reinfcRcing  sted,  as  well  as  to  meet  the  code  requirements  for  shear 
capacity.  After  a  suitable  beam  was  determined,  it  was  then  necessary  to  design  the  web 
reinforcement  for  the  peak  dynamic  shear.  E  the  web  needed  additional  thickness  to 
accommodate  the  shear  stresses,  it  was  net^ssary  to  reanalyze  the  dynamic  response  with  the 
modified  web. 

Beams  designed  for  a  50-foot  span  for  each  concept  are  shown  in  Figure  12.  These 
beams  all  weigh  15  tons  and  satisfy  both  the  ductility  and  support  rotation  criteria  as  indicated  in 
the  tiguie.  The  graphs  present  the  calculated  SDOF  response  for  the  predicted  midspan 
deflection  and  dynamic  shear.  The  conventionally  reinforced  beam  has  the  stiffest  response, 
followed  by  the  steel-concrete  composite  and  then  prestressed  concrete.  Table  1  summarizes  the 
results  for  the  50-foot-long  beams.  Note  that  for  the  constant  weight  constraint,  the  steel 
concrete  composite  beam  has  a  significantly  wider  top  flange,  i.e.,  it  is  more  structurally  efficient 


TABLE  1.  SUMMARY  OF  RESULTS  FOR  50  FOOT  LONG,  15-TON  BEAMS 


Top 

Width 

Maximum 

Resistance 

(jtips) _ 

Maximum 

Deflection 

fin) 

Ductility 

End 

Rotation 

(de«.) 

Dynamic 

Reaction 

Ocipsl 

Reinforced  Concrete 

24 

ggi 

12.5 

5.9 

615 

Prestressed  Concrete 

34 

19.6 

5.1 

3.9 

701 

Steel-Concrete  Composite 

52 

RHH 

18.8 

6.4 

3.7 

UlO 
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Shear 


A  parazoeter  study  to  evaluate  the  effects  of  concrete  weight,  compressive  strength,  and 
tensile  strength  was  conducted  for  the  15-t(Mi  beams.  As  summarized  in  Table  2,  the  study 
encompassed  both  beam  lengths  under  consideration  (20  ft  and  50  ft)  and  the  6rst  two 
reinforcement  concepts  (conventioaal  and  prestressed).  C^culations  ccmsidering  nonnal  wei^t 
(150  Ib/ft^),  hi£h  strength  (10,000  psi)  concrete,  with  zero  tensile  resistance  ciq>acity  were  taken 
as  a  basdine  to  consida  these  effects.  These  baseline  cases  are  numbered  1,  6,  11,  and  16  in 
Table  2.  From  each  of  these  basdine  cases,  we  considered  singly  the  effects  of  these  three 
paramet^,  and  then  the  combined  effect  (most  advantageous)  of  the  three.  Specifically,  we 
considered  li^twdg^t  (115  Ib/ft^)  concrete,  higher  coo^ssive  strength  (12,000  psi),  and 
inclusion  of  tensile  strength. 

For  inclusion  of  concrete  tenrile  strmgth,  we  assumed  a  tensile  stress-suain  curve 
generally  shmlar  to  that  sometimes  described  for  fiber-reinforced  concrete.  Specifically,  we 
assumed  a  linear  portion  up  to  the  modulus  of  rupture,  and  a  plastic  portion  out  to  a  failure  strain 
defined  by  a  ductility  factor  of  10. 

The  feature  of  merit  for  this  parameter  study  was  taken  as  the  top  width  of  the  precast 
roof  element,  since  this  is  an  inverse  direct  measure  of  the  number  of  beam  dements  required  to 
cover  a  given  shdter  area.  Each  roof  dement  was  sized  for  the  combination  of  parameters 
shown  in  the  table,  while  maintaining  consistent  performance  criteria  and  beam  weight 
The  results  of  this  parameter  study  indicate  the  following: 

1.  A  decrease  in  concrete  weight  to  1  IS  Ib/ft^  provided  an  increase  in  beam  width  of  19- 
45  percent 

2.  An  increase  of  compressive  strength  to  12,0(X)  psi  provided  an  increase  in  beam  width 
of  0-S  percent 

3.  Consideration  of  concrete  tensile  strength,  even  for  fiber-reiiifoiceroent  did  not 
rignificantly  affect  ultimate  peiformance.  In  general,  beam  bending  resistance  was 
increased  less  than  1  percent  by  including  this  effect 

4.  The  increase  in  beam  width  for  the  advantageous  consideration  of  all  three  effects 
was  23-45  percent 

This  smdy  indicated  that  the  most  benefit  appears  to  conoe  fiom  a  decrease  in  concrete 
weight  assuming  that  high  compressive  strength  can  be  maintained. 
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TABLE  2.  PARAMETER  SITJDY  FOR  15-TON  BEAMS 


B.  VALIDATION  WITH  FINITE  ELEMENT  ANALYSIS 

Hnite  element  modeling  to  valida^  the  static  resistance  functions  embodied  in  the  design 
procedure  utilized  the  nonlinear  analysis  program  ADINA  (Reference  52).  The  finite  clement 
model  consisted  of  plane-stress  two-dimensional  elements  representing  the  steel  and  concrete 
portions  of  the  beam  while  truss  elements  noodeled  the  shear  connectors  and  longitudinal 
reinforcing.  Figure  13  depicts  a  typical  finite  element  mesh  for  one  of  the  SO-foot  piestressed 
beams.  This  particular  model  iiKludes  400  plane-stress  elements  for  the  concrete,  50  tmss 
elements  each  for  the  prestress  tendons  and  ctxnpression  steel,  and  288  truss  elements  for  the 
transverse  steel. 
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Figure  13.  ADINA  Finite  Hement  Grid  for  50  Foot  Presttcssed  Beam. 


Modeling  of  the  support  ctmditions  used  spring  gap  elements  to  distribute  the  reaction 
from  the  beam  to  fixed  boundary  condidons.  The  gap  elements  separate  when  in  tension  but 
otherwise  take  compressive  forces.  This  modeling  device  avoids  the  hi^  stress  concentradons 
of  supporting  the  end  at  one  point,  or  the  indeterminacy  and  possible  tensile  support  of  muldple 
fixed  points.  The  shortening  of  the  spring  elements  is  subtracted  from  the  results  when 
calculating  the  tzddspan  deflecdon.  In  addidon,  the  clear  span  distance  is  taken  from  the  middle 
of  the  support  springs,  one  half  element  away  frt}m  die  end  of  the  beam. 

Load  is  applied  incrementally  in  the  form  of  a  uniform  pressure  over  the  top  surface  of 
the  modeled  beam.  For  each  load  increment,  the  analysis  program  performs  successive  iteradons 
until  a  measure  based  on  the  largest  displacemoit  difference  is  smaller  than  a  specified  threshold. 
In  the  elasdc  range,  diis  requires  one  or  two  iteradons.  As  the  beam  begins  to  yield,  5  to  10 
iterations  are  required  and  the  incremental  lend  step  sizes  are  reduced.  The  analysis  continues 
until  the  solution  fiuls  to  converge  within  100  iteradons  for  a  small  load  step.  The  nonlinear 
analysis  procedure  requires  definition  of  material  stress-strain  curves  representing  the  linear  and 
post-yield  behavior  of  the  concrete,  rebar,  and  plate  steel.  Figure  14  depicts  the  stress-strain 
curves  for  confined  concrete,  60-ksi  yield  strength  rebar,  prestress  strand,  and  GR50  plate  steel. 
The  yield  points  have  been  factored  by  the  dynamic  increase  factor  of  1.1  adopted  in  the  analysis. 


Siren  (p>i) 


Concrete  Model  GR75  Rebar  Model 


Strain  Strain 


Prestress  Strand  Model  GR50  Plate  Steel  Model 


Rgure  14.  Material  Models  for  ADINA  Analysis  of  Beams. 


1. 


Remfocced  Concarete 


Fillips  element  analysis  of  the  SO-foot  convmtkxially  remfoiced  concrete  beam 
predicts  initial  oiaddng  at  tQaproximately  300  Idps,  reducing  the  beam  stifhiess  fixnn  about 
566,000  Ib^  to  about  220,000  Ih^,  a  reduction  of  about  61%.  Then,  at  iq;>proximately  95%  of 
the  design  procedure  ultimate  resistance,  the  finite  dement  calculation  predicts  yield  of  the 
reinforcement  and  a  pronounced  softening  of  the  beam.  The  calculation  proceeds  at  load 
increments  of  1/2  psi  until  the  beam  reaches  7  inches  of  deflection  and  convergence  of  the 
solutitm  is  not  attained.  This  incremental  load  for  this  step  represents  approximately  0.7%  of  the 
total  load.  At  the  last  converged  load  step,  the  compressive  strain  in  the  concrete  and  tensile 
strain  in  the  reinfaicing  are  0.004  and  0.012  micro  strains,  respectively,  Le.,  above  crushing  and 
yield. 

Coaq>arison  of  the  design  procedure  and  finite  dement  predictions  show  quite 
close  agreement  Hgure  15  shows  the  finite  dement  load  deflection  results  and  the  bilinear 
resistance  function  utilized  in  the  design  procedure  for  the  50-foot  conventionally  reinforced 
beam. 


ADINA  Model  - Design  Procedure 


Hgure  15.  Reinforced  Concrete  Load  Deflection  Results  -  ADINA  and  Design  Procedure. 
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2.  Pzestressed  Omcrets 


Results  fcom  the  ADINA  analysis  of  a  50-foot  ptesttessed  beam  appear  in  Figure 
16.  The  finite  element  model  attained  an  ultimate  load  <mly  8%  higher  than  the  design  procedure 
value.  The  confuted  strain  distribution  shows  vcxy  good  agremnent  with  the  design  procedure 
tronrimiiTn  anH  mnimiiiti  strains  and  oxiqjuted  location  of  the  neutral  axis.  Likewise,  the  stresses 
in  the  concrete,  reinfoccing  steel  and  prestress  strands  were  also  very  close  to  diose  predicted  fay 
the  design  procedure.  Note  that  both  procedures  acccaint  for  beam  camber  (negative  deflection) 
in  the  unloaded  state. 


Deflection  at  Midspan  (in) 


- ADINA  Model  - Design  Procedure 

Hgure  16.  Finite  Element  Results  for  5()-foot  Piestressed  Coucrete  Beam. 

3.  Steel-Concrete  Composite 

The  predicted  load  deflection  response  of  the  composite  steel-concrete  beam  is 
shown  in  Figure  17.  The  finite  element  piedicdcm  agrees  very  well  with  the  design  procedure 
results.  The  energy  computed  by  integrating  the  load  deflection  response  for  the  design 
procedure  is  only  3.4  %  less  than  that  computed  by  the  more  sophisticated  analysis,  out  to  a 
ductility  factor  of  about  6. 
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Deflection  at  Midspan  (in) 

- ADINA  Model  - Design  Procedure 

Figure  17.  Finite  Element  Results  for  50-foot  Steel  Concrete  Composite  Beam. 


C.  COST  ESTIMATE  AND  PRELIMINARY  EVALUATION 

During  the  initial  phase  of  developing  the  design  procedure  and  concept  evaluation,  a 
criteria  of  15  tons  was  imposed  on  beam  weight  This  constraint  originated  from  the  expected 
availability  of  a  15  ton  crane  for  placing  the  roof  beams.  Allowing  each  beam  to  weigh  15  tons 
meant  that  covering  a  shelter  would  require  fewer  beams  since  each  beam  could  have  a  wider 
slab  and  stoclder  web  and  bottom  flange.  Furthermore,  enforcing  a  fixed  weight  on  all  three 
concepts  facilitated  evaluation  based  on  fabrication  cost  alone.  Thus,  a  fabrication  cost  model 
was  developed  for  each  concept  which  included  material  and  labor  for  the  items  shown  in 
Table  3. 
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TABUS  3.  FABRICATION  COST  EUEMENTS 


Unit 

Unit  Price 

Rebar  (GR75) 

lb 

$0.72 

lb 

$0.69 

Prestress  Tendons 

lb 

$2.00 

BHBiSHHlBI 

$227.25 

Fonns 

sf 

$4.00 

'RffBBIBiSSWBI 

lb 

$0.55 

Shear  Studs 

ea 

$1.50 

Sdfreners 

lb 

$0.80 

Wddinettf  sirder 

If 

$6.67 

Wdding  of  stiffeners 

If 

$10.00 

Coating 

sf 

$1.75 

The  unit  prices  in  the  table  aie  derived  fiota  industry  standaid  figures  (Reference  53)  and 
generally  cover  the  major  cost  components  for  the  three  concepts.  Estimating  febrication  costs 
probably  overestimates  the  price  per  beam  compared  to  the  price  of  several  suppliers  bidding  on 
100  or  1000  such  beams.  In  such  a  case,  equipment  and  form  costs  would  be  amortized  over  a 
large  number  of  beams,  and  lower  material  and  labor  unit  costs  would  lilmly  result  from 
efficiencies  in  purchasing  raw  materials  and  in  stieamlining  labor-intensive  processes.  Since  this 
efficiency  would  likely  be  realized  for  all  three  concepts  smnlaxly,  the  estimated  fabrication  costs 
are  useful  for  catnparing  the  tiiree  concepts  and  providing  a  relative  ranking. 

Cost  estimates  were  made  for  the  three  beam  types  ftn*  both  20-  and  50-ibot  span  lengths. 
Preliminary  design  of  the  concrete  beams  prior  to  calculating  costs  included  selecting  primary 
reinforcement  to  satisfy  the  design  procedure,  designing  the  web  shear  reinforcement,  and 
designing  the  reinforcement  in  the  slabs  to  resist  flexure  and  shear  in  the  transverse  direction. 
Similarly,  design  of  the  composite  steel-concrete  beams  addressed  requirements  for  shear 
connectors,  bearing  and  intermediate  web  stiffeners,  welding  and  concrete  slab  reinfon^emenL 

Table  4  summarizes  the  estimated  costs  for  the  six  beams.  On  a  unit  width  cost  basis,  the 
composite  and  the  piestressed  beams  were  the  least  expensive  followed  by  the  conventional 
concrete  beam.  Onnpaiing  the  short  versus  long  spans,  the  20-foot  concrete  beams  include  a 
large  amount  of  shear  reinforcement,  making  them  more  expensive  overall  than  the  50-foot 
beams.  Concrete  costs  were  governed  by  the  constant  15- ton  weight,  and  consequently  were 
nearly  identical  for  the  20-  and  SO-foot  spans. 
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TABLE  4.  BEAM  FABRICATION  COST  ESTIMATE 


Item 

RC20 

RC50 

PS20 

PS50 

COM20 

COM50 

Rebar  (GR75) 

$3,289 

$3,313 

$3,091 

$1,845 

$U65 

$  96 

ESSSSHHBB 

mm 

572 

msm 

336 

437 

152 

Prestress  Tmdons 

IIIIQIIIIIII 

1,124 

2,072 

0 

0 

Lieiitweieht  Cmicn^ 

2.186 

2.174 

2.193 

2.168 

WSSM 

1,026 

Fmms 

1,660 

^^9 

1,312 

644 

792 

Plate  Steel  (GR501 

0 

0 

7,868 

Shear  Studs 

0 

0 

0 

660 

345 

Stiffenm 

0 

0 

0 

901 

650 

Wddins  (drder) 

0 

0 

0 

0 

WffSM 

2.663 

Wddins  (stiffeners) 

IIVSHI 

0 

0 

0 

690 

640 

Coatine 

0 

0 

0 

320 

875 

Total  Cost 

$9,425 

$8,659 

$10,394 

$8,722 

rmm 

$15,111 

Width 

69  in 

24  m 

iSf 

BM 

■w 

52  in 

SMOl 

$1,414 

$3,487 

The  effect  of  vaxiadons  in  the  uni:  costs  on  the  overall  cost  was  also  investigated.  Each 
unit  price  was  assumed  to  be  a  uniform  random  variable  within  a  given  range.  For  exan^le,  the 
unit  price  of  concrete  might  take  on  any  value  within  ±5%  of  the  average  value  in  Table  4.  At 
the  same  time,  the  price  of  reinforcing  and  all  other  materials  and  labor  were  also  assumed  to 
vary  within  the  same  range.  A  raiuiom  number  generator  was  used  to  determine  this  variation 
and  the  resulting  unit  costs  were  used  in  a  simulaiitxi  to  compute  the  beam  cost  for  100  trials. 
The  results  in  Table  5  contain  the  mean  febrication  cost,  the  standard  deviation,  and  the 
coefficient  of  variation  (CO.V.)  for  four  ranges  of  uncertainty  in  the  unit  prices,  ±5%,  ±10  %,  ± 
15%,  and  120%. 

Rgure  18  displays  the  C.O.V.  for  the  three  concepts  versus  the  range  of  uncertainty.  The 
prestressed  concept  shows  slightly  less  sensitivity  to  the  uncertainties  while  the  other  two 
concepts  exhibit  practically  the  same  variation. 


TABLE  5.  MEAN  AND  SIMULATED  VARIATION  IN  FABRICATION 
COST  PER  UNIT  V/IDTH  OF  BEAM 


Ranse 

Mean  Price  (S/ft) 

RCSO 

4329 

PS50 

3078 

COM50 

3487 

±5% 

Std.  Deviation 

CO.V. 

68$/ft 

1.6% 

45  m 

1.5% 

il$/ft 

1.8% 

±10% 

Std.  Deviation 

CO.V. 

126  m 

2.9% 

±15% 

Std.  Deviation 

CO.V. 

208$/ft 

4.8% 

112  S/ft 

3.6% 

166  S/ft 

4.7% 

±20% 

Std.  Deviaticm 

CO.V. 

307$/ft 

7.1% 

EBSmi 

233  S/ft 

6.7% 

Conventional  Prestressed  —m—  steel-Concrete 

Hgtoe  18.  Sensitivity  of  Overall  Beam  Cost  to  Variations  in  Unit  Prices. 
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D.  EXTENDED  EVALUATION  CRITERIA 


This  secdoa  describes  the  factors,  both  quantitarive  and  qualitative,  whidi  comprise  the 
extended  firaxnework  for  evaluating  xesults  &om  the  design  process.  Each  criteria  has  an 
associated  importance  factor  or  wei^t  wfaidt  expresses  its  importance  relative  to  the  odier 
focmrs. 


Fnhriradnn  Cost  (25%)  As  previously  discussed,  fabrication  cost  includes  matnial, 
labor,  and  equipment  used  in  fabricatimt  Conventionally  rnnforced  and  prestressed  concrete 
beams  requize  forming,  utilizing  "casting  beds"  udnch  consist  of  lOO-  to  SOO-foot-long  steel  ride 
Rams  and  txmmn  plates  bolted  or  clamped  together  after  positioning  of  the  zeinfotcing  steel 
Casting  beds  for  ptestzessed  concrete  incorporate  massive  reaction  blocks  and  hydraulic 
equipment  for  inlying  the  prestress  forces  to  the  steel  strands.  Many  precast  yards  have  forms 
for  standard  stuq)ed  beams  typically  used  for  highway  bridges  vriiich,  if  used  or  nxxlified  for  the 
roof  beams,  could  result  in  substantial  savings. 

Fabrication  of  die  sted-ctxicrete  cmnposite  beams  requires  the  facilities  of  a  steel 
fabrication  yard  for  shearing  the  plate  steel,  t«rq>lates  to  hold  the  pieces  together,  welding 
equqiment  and  a  sandblast/jpamt  shop.  Additionally,  the  sides  of  the  concrete  slab  are  formed 
and  reinforcing  steel  bent  and  tied  in  position  in  preparation  for  placing  the  concrete  in  the  form 
or  the  conqiosite  slab.  The  steel  plate  must  be  protected  against  corrosion  by  sandblasting  and 
painting. 

Handling  115%)  Handling  includes  moving  beams  from  one  stage  to  another,  i.e., 
fahication,  storage,  and  erection  and  includes  special  precautions  and  equipment  Heavier 
beams  require  greater  lifting  ctqiacity.  Prestressed  concrete  requires  special  precautions  (and 
possibly  special  equipment  and  procedures)  during  the  handling  to  prevent  cracking  due  to  the 
camber  and  tensile  stresses  caused  by  prestress  forces. 

Storafe  (15%)  Storage  addresses  life*cycle  costs  of  stockpiling  and  maintaining  the 
beams  in  a  ready  condition.  Besides  cmisideiing  physical  space  requirements,  storage  includes 
resistance  to  corrosion  and  freeze-thaw  deterioration  of  materials  and  strength  properties, 
prestress  losses  from  creep  and  shrinkage,  protection  from  ultraviolet  (UV)  degradation,  and 
maintenance  of  protective  coatings. 
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Erection  (25%)  Erectioii  pertains  to  the  degree  of  difiBculQ^  and  lescrarces  required  to 
erect  die  beams  on  the  shelter  walls,  and  includes  the  influence  of  wei^t,  number  of  beams 
required  per  shdter,  resistance  to  breakage,  and  (»nnecti(m  details. 

Eeiiohility  (7.0^,  I  A$  used  here,  seliabjlity  implies  die  level  of  omfidence  in  the  design 
and  pexhannance  of  a  pven  etneept  or  materiaL  Extensive  en^riiiciil  and  theoretical  knowledge 
of  the  bdiavior  of  jqiecific  steel  and  concrete  materials  give  these  traditicmal  cmicepts  an 
advantage  over  newer  and  less  well  known  concepts. 

E.  ANALYSIS  OF  REDUCED  WEE3HT  BEAMS  FOR  ORIGINAL  CONCEPTS 

During  the  course  of  perfonning  diis  analysis  and  evaluadm,  the  overall  beam  weight 
became  a  design  parameter  of  extreme  inqxxtance  rather  than  simply  a  constraint.  The  rationale 
for  this  shift  was  simfde:  in  dqpbying  die  shelters,  every  pound  is  critical,  therefore,  the  overall 
weight  of  the  roof  should  be  as  small  as  possible;  simQaily,  the  individual  beams  should  be  as 
l^ht  as  possiUe  to  facilitate  handling,  transportation,  and  erection.  Since  diis  change  did  not 
involve  reducing  the  threat,  the  only  change  diat  could  occur  was  in  more  efficient  utilization  of 
the  constructiem  materials  and  aructural  concqits.  In  addintm  to  die  origiiial  three  concepts, 
two  additional  ccmcepts  utilizing  fiber  reiiifcRed  plastic  (FRP)  were  analyzed.  This  section 
describes  the  results  of  the  analysis  fix’  the  three  original  concepts;  the  FRP  analysis  and  results 
are  described  in  Section  F. 

The  design  procedure  described  in  Sectiem  3  was  used  to  design  50-foot  beams  providing 
the  same  level  of  protectitxi  as  before  but  achieving  some  weight  reductirai  through  cqmmizing 
the  design.  A  similar  analysis  described  in  Part  A  of  this  Section  found  that  lightwei^t  concrete 
provided  a  significant  bmefit  over  ncxmal  weight  craicrete.  However,  using  concrete  with 
ctxnpiessive  strengths  over  10,000  pri  and  including  fibers  to  enhance  the  tensile  strength  had 
negli^ble  bernfits. 

All  three  concepts  were  analyzed  for  a  top  slab  width  of  24  inches,  i.e.,  all  have  the  same 
applied  load.  The  thickness  of  the  top  slab  was  iximaiily  determined  by  the  depth  of  the 
compression  zone  required  to  balance  the  tension  reinforcement  The  thickness  of  the  web  must 
satisfy  shear  and  staixlity  (fw  steel)  requirements.  Figure  19  and  Table  6  summarize  the  results 
which  show  the  steel-concrete  coixqxrsite  to  have  the  lowest  ratio  of  weight-to-cova:age  (lb  per 
square  foot)  of  the  three  concepts,  because  the  materials  could  be  more  efif  ciendy  utilized.  The 
reinforced  and  prestressed  concrete  concepts  use  a  significant  volume  of  concrete  for  anchoring 
and  covering  the  tensiem  and  shear  reinforcement  and  prestress  strands.  Concrete  also 
contributes  (mly  about  1/2  the  shear  capacity  of  the  web,  with  the  i-est  carried  by  steel 
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leinfoicin^  Cooversely,  the  steel-concrete  composite  ben^ts  from  the  combined  shear  and 
tensicm  cq)acity  of  the  web.  In  the  beam  mid-span,  wtoe  shear  is  low,  the  web  will  yield  in 
flexure,  and  significandy  inqaove  the  mnnent  capacity  of  die  beam.  Closer  to  the  supports,  the 
steel  web  is  very  efBcient  in  resisting  shear. 


TABLE  6.  DESIGN  PROCEDURE  RESULTS  FOR  50-FOOT 
LONG  EQUAL  CAPACITY  BEAMS 


CONCEPT 

TOP 

WIDTH 

ONI 

mmSWm 

DUC- 

TmTY 

BEAM 

WEIGHT 

(TONS) 

BEAM 

WEIGHT 

(LB/SF) 

Rdnfotced  Concrete 

24 

13.8 

6.0 

3.4 

14.06 

281 

Prestresaed  Concrete 

24 

21.0 

5.6 

4.0 

1134 

226 

Steel-Concrete 

Composite 

24 

212 

1 

5.2 

4.0 

7.71 

154 

This  same  ccnclusion  was  observed  from  the  earlier  15-ton,  50-foot  beam  calculations 
(see  Table  1)  vdiich  had  slab  widdis  for  the  reinforced  concrete,  prestressed  concrete,  and  steel- 
concrete  composite  of  24,  34,  and  52  inches,  respectively.  Corresponding  weight  per  unit  area 
values  were  297, 209,  and  130  pounds  per  square  foot  Thus  the  steel-concrete  composite  roof 
beam  covers  slightly  more  than  twice  the  area  of  an  equal  weight  reinforced  concrete  roof  beam. 

An  analysis  was  also  performed  cmnpazing  the  dynamic  resistance  for  reinforced  and 
prestressed  concrete  beams  which  weigh  approximately  the  same  as  the  reduced  weight  steel- 
composite  beam  (e.g.  7.71  tons).  In  performing  this  analysis,  the  slab  width  remained  24  inches. 
The  results  of  these  analyses  are  shown  graphically  in  Figure  20,  which  plots  the  bilinear 
resistance  functions  for  the  three  resulting  beams.  The  steel-concrete  composite  beam  had  a 
ductility  of  5.2  and  end  rotation  of  4°.  The  reinfcaced  and  prestressed  concrete  roof  beams  are 
plotted  with  their  elastic  deflection  and  ultimate  resistance  out  to  a  center  span  deflection  of  25 
inches.  It  is  evident  from  diis  graph  that  neither  of  the  latter  concepts  provides  anywhere  close 
to  the  dynamic  resistance  provided  by  an  equivalent  weight  steei-ccaicrete  composite  oeam. 


Beams  Having  Equivalent  Dynamic  Capacity 
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•  A  * 

0 .  .  . ..O 

Prtstrssssd 
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Steel/Concrste 
17.71  tons) 


Note:  Total  weight  of  each  50-foot-long  beam  is  shown  in  tons. 


Figure  19.  Comparistm  of  Reduced  Weight  Beams  Having  Similar  Dynamic  Resistances. 
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Figure  20.  Cc»nparison  of  Dynamic  Resistances  for  Equal- Weight  Beams. 

F.  ANALYSIS  OF  FIBER  REINFORCED  BEAMS 

Presented  in  this  section  are  the  work  and  findings  from  the  analysis  of  two  concepts 
which  utilize  advanced  fiber  con^sites  for  reinforcement  (in  this  section,  the  term  "con^osite" 
is  used  to  refer  to  a  mateiial  that  contains  oriented  fibers  in  a  matrix  of  either  plastic  or  epoxy). 
A  resistance  function  for  each  concept  was  developed  and  an  equivalent  SDOF  model  was  used 
to  determine  the  dynamic  response  for  beam  design. 

1.  Background 

The  development  of  high-strength,  lightweight  fibers,  such  as  E  and  S  fiberglass, 
aramid,  and  carbon  has  prompted  a  nun^  of  studies  of  how  these  materials  might  be  used  in 
lieu  of  steel  reinforcing,  or  perhaps  wholesale  replacement  of  concrete  and  steel,  to  produce 
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lighter  and  pextu^s  stronger  beams.  In  applications  where  chemical  and  electrical  neutrality  are 
crucial,  such  advanced  coii^x>sites  oSer  die  strength  advantage  of  steel  and  the  corrosion 
resistance  of  aluminutn.  For  exancgile,  replacing  steel  strands  or  tods  with  con^site  strands  or 
rods  of  tKxunetallic  materials  would  extend  the  useful  life  of  bridge  beams  subject  to  attack  by 
deicing  salts  or  marine  environments  (especially  salt  warer).  However,  tensioning  and  anchorage 
systems  are  rdadvely  new  and  unproven,  and  the  high  cost  of  fibers  has  slowed  implementation 
of  composites  in  the  majority  of  applicadons  where  conventitmal  materials  provide  a  technically 
suitable  sohidoa 

2.  Objeedve  and  Approach 

The  difSculQr  associated  with  anchoring  the  composite  reinforcement  may 
possibly  be  solved  by  using  a  thin  sheet  of  composite  material  attached  to  the  outside  of  the  beam 
with  adhesive.  Such  an  approach  has  been  the  focus  of  several  research  efforts,  including  an  in* 
house  Fives  lesearch  program  to  reinforce  concrete  beams  using  sheets  of  carbon-fiber, 
reinfcnced  plastic  (CFRP).  Using  this  tqiproach,  the  coniposite  reinforcenrent  is  bonded  to  the 
bottom  and  side  surfaces  of  pLun  concrete  beams  where  it  serves  as  the  tension  and  shear 
reinforcement  for  the  beam. 

The  second  concept  considered  in  this  investigation  consisted  of  beams  made 
from  pultruded  fiberglass.  In  this  type  of  beam,  continuous  filaments  (called  rovings)  of 
fiberglass  are  embedded  in  a  matrix  of  plastic  (polyester)  which  is  therosally  cured  in  a  die.  The 
die  can  have  an  open  or  closed  cross-section,  creating  I-beam  or  hollow  rectangular  shapes. 

The  overall  objective  of  this  research  investigation  was  to  develop  conceptual 
designs  for  CFRP  reinforced  concrete  beams  and  pultruded  fiberglass  beams  to  withstand 
conventional  weapons  effects,  and  to  evaluate  their  suitability  as  roof  beams  for  the  protective 
shelter. 

The  technical  approach  follows  the  general  desciipticm  given  in  Section  3.B. 
First,  the  static  resistance  function  for  the  structural  element  is  determined  from  ultimate  strength 
analysis  with  appropriate  material  models.  The  resulting  strength  and  stiffness  describe  a  multi¬ 
linear  response  path  when  the  element  is  loaded  dynamically.  The  dynamic  response  is  obtained 
using  an  equivalent  SDOF  model,  and  the  resulting  maximum  deflection  and  support  rotation 
compared  with  the  performance  requirements.  These  steps  are  repeated  to  obtain  a  suitable 
design,  and  then  criteria  such  as  shear  resistance  and  overall  beam  weight  are  addressed.  With 
the  beam  geometry  and  reinforcing  details  determined,  the  fabrication  cost  was  estimated  and 
values  of  quantitative  and  qualitative  evaluation  criteria  assigned. 
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3. 


Concrete  Beams  vtdth  External  Carbon  Fiber  Sheets 


Ccxnputation  of  the  flexural  strength  of  ctmcrete  beams  rcinfoiced  with  CFRP 
sheets  assumes  a  Hnear  strain  distributicHt  dvough  the  ciDss*sectional  depth,  a  rectangular 
conqnessive  stress  distiiboiion.  and  linear  stress-strain  behavior  for  the  CFRP  Tnateml  up  to 
tensile  rupture.  This  meduxi  of  confuting  flexural  capacity  follows  the  guiddines  established  in 
Sections  10.2  and  10.3  of  Preference  3  (witit  the  excqrtion  that  conventional  steel  reinfcccing  is 
replaced  with  the  CFRP). 

This  iqrproach  has  been  used  to  calculate  the  flexural  strength  of  concrete  beams 
reinforced  externally  with  fiber  temforced  plastic  (FRP)  plates  (References  54  through  56).  and 
prestressed  sheets  (References  57  and  58).  Much  of  this  research  has  focused  on  develcqnng  a 
suitable  bond  between  the  concrete  and  external  remfoccing  plate  or  sheet  Frequently, 
premature  failure  occurs  when  tensile  craci^  form  in  the  concrete  prior  to  reaching  the  ultimate 
strength  of  die  external  reinfocxnng,  and  the  sheet  "peels  away"  fiom  die  beam.  This  failure  mode 
represents  a  significant  technical  challenge  that  has  yet  to  be  solved. 

Assuming  for  the  present  that  no  other  failure  mode  will  occur,  the  flexural 
strength  detenninadon  is  very  similar  to  that  for  a  conventionally  reinfwced  beam.  The  location 
of  the  neutral  axis,  "c,"  is  conqnited  by  defining  the  cooqiressive  and  tensile  forces  in  terms  of  the 
distance  c,  as  in  Figure  21.  Enforcing  equilihdum  ^ves  an  equation  that  can  be  reduced  to 
quadratic  form  and  solved  to  obtain  the  neutral  axis  location.  Alternatively,  equilibrium  of  the 
concrete  compressive  force,  bottmn  strip  tensile  force,  and  side  strip  tensile  force  can  be 
evaluated  by  an  iterative  "solver"  available  in  some  spreadsheets.  This  provides  a  separate  check 
of  the  analytical  solution.  Detailed  formulas  for  this  solution  are  contained  in  the  corresponding 
section  of  Appendix  A.  The  nnoment  edacity  can  then  be  determined  by  the  product  of  the 
compression  and  tensile  forces  and  their  respective  distances  from  the  neutral  axis. 

The  beam  stiffiiess  was  calcul^ed  by  using  the  average  of  the  gross  and  cracked 
section  moments  of  inertia.  The  latter  is  obtained  by  taking  the  first  moment  of  area  of  the 
compression  and  tension  areas  with  respect  to  the  location  of  the  cracked  sectitxi  neutral  axis 
"c,"  After  solving  the  resulting  quadratic  for  "c"  the  cracked  sectiem  moment  of  inertia  was 
determined  using  the  parallel  axis  theorem. 
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Cross  Section 


Vlatertal  Model 


Figure  21 .  Flexural  Strength  Model  for  General  Externally  Reinforced  Concrete  Beam. 
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4. 


Analysis  of  Bench  Scale  Experiments 


Validation  of  dus  procedure  was  accomplished  by  analyzing  the  results  from  a 
series  of  bench-scale  beam  tests  (References  59  and  60).  These  beams  measured  2.0  inches  by 
2.0  inches  by  12.0  inches  and  were  made  from  a  nominal  42{X}  psi  compressive  strength  concrete 
(small  aggregate),  with  a  28-day  ctmqxessive  strength  reported  to  be  4256  psi  C'G-mix").  The 
beams  were  reinforced  with  single-ply  CFRP  sheets,  0.0075  inches  (7.5  mU)  thick,  attached  to 
the  beams  in  various  configuradoos  (labeled  Beam  a  through  f)  and  shown  schematically  in 
Figure  22.  I^iysdcal  properties  of  the  dlFRP  sheets  and  epoxy  paste  adhesive  used  to  bond  diem 
to  the  beams  are  given  in  Table  7. 


TABLE  7.  PHYSICAL  PROPERTIES  OF  CFRP  SHEETS  AND  EPOXY  ADHESIVE 


Bern 

Adbeaivcl973«F 

5.2  mQ  tHMt 
CFRPshect2®77«F 

12,000  psi 

N.A. 

Compressive  Modulus  (28  days) 

830,000  psi 

N.A. 

TettsOe  Streagth  (14  days) 

3.600  psi;  0.4% 
elongation 

310.()00psi;  1.4% 
elongation 

Teasfle  Modolos  (14  dav) 

750,0(X)  psi 

Pexnral  StrcDEth  (14  dav) 

4,400  psi 

260.000  psi 

Tanacat  Modnias  in  Beadina 

100,000  psi 

18.5x10^  psi 

Shear  Strensth  (14  dav) 

3,400  psi 

N.A. 

3,3(X)psi 

N.A. 

Bond  Strenatta  (14  dav  moist  cure) 

2,400  psi 

Nj\. 

t  SikadofO  31,  Ifi-Mod  Get,  SOta  Cofponiiea,  Lyndfaum,  NI. 

^  Matnapuie  Qtifiiiite  Prcpicg  Tqie  A$4/3S01.4,  Hemdo  lac.,  WUogungion,  DE. 


Loading  was  applied  in  two  locations,  1-1/2  inches  from  the  centerline,  as  shown 
in  Figure  22.  This  load  configuration  causes  a  3.0-inch-long  constant  moment  zone  in  the  middle 
of  the  beam.  Shear  spans  of  3.0  inches  between  the  points  of  load  i^iplication  and  the  supports 
cause  these  beams  to  be  classified  as  "deep"  beams  in  terms  of  dieir  shear  behavior.  Unless 
otherwise  reinforced,  the  behavior  of  such  beams  is  governed  by  the  shear  capacity  of  the 
concrete  rather  than  the  flexural  strength  developed  by  the  tensile  reinforcement  and  compression 
concrete  (Reference  48,  pp  177  and  191).  It  was  assumed  that  the  external  reinforcing  provided 
additional  shear  capacity  so  that  the  beams  would  fail  in  flexure.  Flexural  strengths  were 


detennined  for  the  di&xent  reinfoiceiDent  t^tions  using  foe  aiqdified  models  shown  in  Figore 
23.  The  measured  and  confuted  capacities  for  these  beams  are  summaiized  in  Table  8  and  in 
Figure  24. 


Mf  St«  Sirl 


$ldi  strip 


rmi  H«if  SI*  strip 


Full  St*  Stri 


Fid  I  T««lcns..  tp 


Notai  CFRP  ShMta  or*  tingia-ply  with  thioknws  of  O.OOTS  inch. 


Figure  22.  Lab  Specimen  Reinforcement  Configurations  and  Loading  Geometries. 
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LAB  TEST  ANALYSIS  PROCEDURE 


Assumptions: 

1}  Stroins  vory  Sneorly  from  neutroloxis  to  extreme  fibers 

2)  Compressive  stress  modeled  os  rectangular  stress  block 

3)  Maximum  compressive  stroin  in  concrete  of  0.003 

4)  Tensile  stress  in  CFRP  sheet  computed  by  assuming  o 

ineor  stress-strain  response  with  modulus  21.5  £"6  psi 

5)  Tensile  force  in  side  sheet  acts  at  centroid  of  tropezoidel 
or  triangular  stress  distribuion. 


Figure  23.  Laboratory  Specimen  Flexural  Strength  Models. 


Calculated  Flexural  Strength  (LB)  Calculated  Flexural  Strength  (LB) 


4-POINT  BENDING  COMPARISON  OF  RESULTS 


3-POINT  BENDING  COMPARISON  OF  RESULTS 


Hgure  24.  Con^arison  of  Computed  and  Observed  Load  Capacides 

of  Laboratory  Specimens. 


TABLE  8.  4-POINT  BENDING  OF  EXTERNALLY  REINFORCED  CONCRETE  BEAMS 


Unit 

Measured  Ultimate  Load  (lb) 

Ctmqmted  Flexural  Capacity  (lb) 

No  Reinf. 

560 

564 

Beam  a) 

650 

564 

3100 

3534 

ERHIi 

3500 

3534 

Beamd) 

4100 

3818  (neglecting  compiessive  CFRP) 

4100 

4024  (including  compressive  CRFP) 

Beamd) 

3860 

3850 

Beamf) 

IIIES9ISP!9IIIIIIIIIIIII[^^ 

3534 

The  computed  ciq[»cities  go^rally  agree  with  the  measured  ultiinats  loads. 
Specific  observations  ftv  each  case  are  sunamarized  below: 

Beam  a):  CFRP  sheets  btmded  to  bottom  and  sides  of  shear  spans,  but  not  the 
center  span,  did  not  improve  the  flexural  capacity  ctMnpaied  to  an  unreinforced  beam.  The 

flexural  capacities  are  tased  on  a  modulus  of  rupture  of  635  psi,  or  ^ptoximately  10-^f^  which 
is  typical  (Reference  61). 

Beam  b):  A  CFRP  sheet  bcxided  die  full  length  of  the  bottom  and  on  the  sides  of 
the  shear  spans  imiffoved  the  load  edacity.  The  ntmnnal  shear  ctqjadty  of  the  concrete  beam 
without  shear  reinforcing  is  approximately  520  pounds  (based  on  ACT  Eqn.  11-3).  Thus,  a  shear 
failure  would  occur  at  a  load  of  1040  pounds  without  any  benefit  from  the  external  reinforcing. 
Since  the  beam  failed  at  s^proximately  three  times  this  load,  the  CFRP  strips  on  the  bottom  and 
on  the  sides  apparently  contributed  to  the  shear  capacity  of  the  concrete. 

Beam  c):  This  beam  configuration  had  CFRP  sheets  bonded  the  full  length  of 
the  bottom  and  the  sheets  on  the  sides  covered  the  shear  spans  and  overlapped  1/2  inch  onto  the 
middle  spaiL  The  measured  load  agrees  within  1%  of  the  theoretical  flexural  c^)acity. 


Beam  d):  CFRP  sheets  were  bonded  the  Ml  length  of  the  beam  on  the  bottom 
on  lower  half  of  the  sides.  Measured  and  calculated  ultimate  loads  agree  widtin  0.3%. 

Beam  e):  This  beam  was  endiely  covered  with  CFRP  sheen  except  for  the  top 
surface.  Ihcluding  the  contiibudon  of  ctm^aessive  stress  in  the  CFRP  strip  above  the  neutral 
axiSt  the  confuted  flexural  capacity  agrees  within  2%  of  the  actual  measured  ultimate  lotuL  If 
the  ccaipressive  stresses  are  neglected  due  to  possible  bidding  of  the  thin  strip,  the  calculated 
capacity  is  7%  lower  than  the  measured  bad  at  failure. 

Beamf):  This  beam  had  a  Ml  length  CFRP  sheet  on  the  botttxn  and  no  CFRP 
sheets  on  the  sides.  Instead,  at  least  one  side  was  cotx^>letely  covered  by  a  photoelasdc  laminate. 
It  is  postulated  that  this  beam  failed  due  to  shear  cracking,  and  that  the  bottom  CFRP  sheet,  and 
possibly  the  photoelasdc  sheet,  provided  addidonal  shear  strength  to  the  concrete. 

The  preceding  flexural  calculadons  predict  that  stress  in  the  CFRP  sheets  never 
reaches  die  reported  uldmate  strength  of  310  ksi,  and  hence  capacity  is  limited  by  the  concrete  in 
cmnptession.  Computed  strains  in  the  bottom  CFRP  sheets  were  between  0.007  and  0.009, 
corresponding  to  stresses  between  ISO  and  200  ksL  These  stresses  are  tqiproximately  1/2  to  2/3 
of  the  ultimate  strength  of  die  CFRP  material,  hi  convendonal  reinforced  concrete,  this 
omdition  corresponds  to  an  over  reinfOTced  secdon,  wherein  the  tensile  reinforcement  docs  not 
yield  before  the  concrete  reaches  a  maximum  ctxnpressive  strain.  The  thicknesses  of  CFRP 
sheets  required  to  attain  an  extreme  fiber  tensile  stress  of  310  ksi  simultaneously  with  0.003 
compressive  strain  in  the  concrete  were  calculated  to  be  3.3  mils  for  Beams  b)  &  c),  1.96  mils  for 
Beam  d)  and  1.83  mils  fex  Beam  e). 

An  analysis  of  conventicxially  reinforced  beams  with  compaiadve  flexural 
strengths  was  also  performed.  This  analysis  was  based  on  singly  reinforced  beams  with  60  ksi 
rebar  and  an  effective  depth  d  =  1.8  inches.  To  develop  the  same  moment  capacity,  the 
reinforcing  ratio  p  =  Aj/bd  for  Beams  c),  d)  and  e)  were  found  to  be  1.55%,  1.74%,  and  1.88%, 
respectively.  These  represent  normally  reinforced  beams  with  reinforcing  ratios  in  the 
neighborhood  of  50%  of  "balanced  failure,"  as  defined  by  the  ACI  Code.  Typical  beams  have  35 
to  50%  of  balanced  reinforcement,  or  1  ;o  1.5%.  Therefore,  similar  flexural  capacities  could  be 
attained  with  a  modest  amount  of  conventional  reinforcing. 

In  addition  to  the  two-point  load  tests  described  above,  tests  were  also  performed 
on  beams  where  the  load  was  placed  in  the  middle  of  a  simply  supported  span.  These  beams  were 
made  from  the  same  nominal  4200  psi  comixessive  strength  concrete  and  reinforced  with  CFRP 
sheets  with  one,  two,  and  three  plies  of  unidirectional  carbon  fibers  bonded  to  the  bottom  of  the 
beams.  The  thicknesses  of  these  sheets  were  0.0075  inches,  0.015  inches,  and  0.0175  inches 
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xespectively.  The  results  of  these  calculations  are  sunsnaiued  in  Table  9  and  the  lower  half  of 
Rguie24. 


TABLE  9.  SINGLE  POINT  LOAD  BEAM  lEST  RESULTS 


Unit 

ExperimeBtal  Ultimate 
Loadab) 

Computed  Fleziiral 
Load  Ob) 

NoRdnf. 

376 

376 

One  Ply 

1315 

2356 

TwoFlks 

1543 

3023 

Three  Plies 

1916 

3182 

The  e3q)erimental  breaking  loads  were  lower  than  the  predictions  for  flexural 
capacity  for  the  beanss  with  reinforcing  probably  due  to  shear  failure.  Increasing  the  amount  of 
reinforcing  from  one  to  three  plies  ^ves  the  beam  increased  shear  resistance,  but  the  increase  is 
much  less  than  fw  beams  with  shear  reinforcing  on  the  sides. 

Conventionally  reinforced  beams  with  no  shear  reinforcenaent  show  a  trend  of 
greater  shear  C2g)acity  with  increasing  amount  of  reinfotcing.  Greater  reinforcing  ratios  cause 
inclined  cracks  to  be  narrower,  and  hence  aggregate  interlock  accounts  for  some  irrqrovement  in 
the  shear  crpunty  (Reference  48).  This  same  {drenomenon  could  account  for  the  scunewhat 
higher  breaking  loads  exhibited  by  the  two*  and  threc*ply  remforced  beams.  This  ctmclusion  is 
supported  by  single  point  load  tests  on  similarly  reinforced  beams  made  from  cement  paste 
without  aggregate.  In  these  tests,  a  smaller  ijKremental  strength  gain  occurred  going  from  one 
to  two  plies,  and  no  strength  gain  occurred  going  from  two  to  three  plies. 

S.  Dynamic  Response  of  Full  Size  CFRP  Reinforced  Beams 

The  dynamic  response  of  full  size  CFRP  beams  was  analyzed  to  determine 
whether  this  concept  offered  any  potential  for  use  as  roof  elements  for  protective  structures. 
Since  CFRP  has  a  unit  weight  which  is  a  fraction  of  steel,  has  extremely  high  tensile  strength,  and 
can  be  placed  on  the  bottom  surface,  there  exists  a  potential  for  weight  savings.  Therefore,  using 
the  procedure  for  calculating  flexural  strength  and  the  dynamic  analysis  method  previously 
described,  20*  and  SO-fooMong  beams  were  designed  for  the  assumed  loading. 

In  computing  the  flexural  edacity  it  was  assumed  that  tensile  rupture  of  the 
carbon  fiber  sheet  or  crushing  of  die  compression  concrete  would  control  the  ultimate  strength  of 
the  beam.  Consistent  with  these  assumpdons,  the  dynamic  response  of  the  beam  was  limited  to  a 
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ductOity  factor  no  greater  than  1.0.  This  represents  a  significant  performaitte  penalty, 
nevertheless,  the  mechanical  behavior  of  the  CFRP  reinforced  concrete  beam  precludes  the 
allowance  for  any  higher  ductility. 

Jt  was  also  assumed  that  shear  Mure  of  die  beam  would  be  coo^iietBly  prevented 
either  the  CFHP  sheets  or  ccnventioaal  shear  reinfoicement  and  also  that  the  CFRP  sheets 
were  perfectly  bonded  to  the  concrete.  Additumal  assumpdcxis  were  the  sanoe  as  before  with 
reject  to  dynamic  load  magnitudes  and  durations,  transfonnadcHi  to  an  equivalent  ^gle- 
degteeHof-fieedcKQ  nxKlel,  concrete  strength  and  soil  cover.  No  dynamk;  increase  factor  was 
applied  to  the  caitxin  fiber  strength. 

Analyses  were  conducted  fi>r  24-inch  wide,  20-  and  50-foot-span  lengths 
reinfaEced  with  thin  (1/4")  and  duck  (2")  layers  of  CFRP  bonded  to  the  botunxi  and  sides  of  the 
web.  These  two  thicknesses  were  chosen  so  as  to  obtain  some  idea  regarding  the  range  of 
possible  design  ou^mes.  Note  that  the  CFRP  sheets  used  in  the  lab  scale  tests  were  very  thin 
(approximate  thickness  0.0075  inches).  To  obtain  a  1/4-inch-thick  leinfcscing  h^er  woula 
require  a  difierent  manufacturing  process  more  like  the  pulmision  process.  The  required  beam 
sizes  summaiized  in  Table  10  and  shown  in  Hgure  25,  indicate  that  the  concept  of  using  carbon 
fiber  sheets  to  leinfoice  concrete  beams  requires  very  heavy  beams.  Included  in  the  table  for 
ccxnparison  are  the  results  from  the  laelkainary  analysis  of  15-ton  conventionally  reinforced 
concrete  (RQ  beams. 


TABLE  10.  SUMMARY  OF  FULL  SIZE  CFRP  BEAM  SHAPES 


CASE 

CFRP 

Thickness 

Beam  Weight 

Weight  per  SF 

20'  CFRP 

1/4  inch 

6.2  tons 

309  Ib/sf 

20'  CFRP 

2  inches 

6.4  tons 

318  Ib/sf 

20'  RC 

N.A. 

15  tons 

261  Ih/sf 

50'  CFRP 

1/4  inch 

33.8  tons 

675  Ib/sf 

50'  CFRP 

2  inches 

38.3  tons 

766  Ib/sf 

50'  RC 

N.A. 

15  tons 

300  Ib/sf 

The  size  of  the  beams  is  attributed  to  the  inheiendy  nonducdle  and  stiff  flexural 
behavior  of  the  beams.  In  order  to  develop  the  necessary  strength  and  sdffoess,  the  beams  must 
be  very  deep,  resulting  in  a  large  amount  of  concrete  in  the  web.  Figure  26,  from  Reference  10, 
plots  the  maximum  response  of  an  elastic  SDOF  system  subjected  to  a  triangular  load  pulse  with 
zero  rise  time.  Plotted  on  this  graph  arc  the  20-  and  50-foot  1/4-inch  CFRP  reinforced  beams. 
The  combination  of  mass  and  stiff'r'ess  for  these  beams  cause  their  natural  periods  to  be  close  to 
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the  duratioii  of  die  load  pulse.  This  cooditUHi  requires  the  maxhxtum  beam  resistance  to  be 
greater  dian  the  ip^ded  load  a  ductility  of  1.0.  Coosequendyt  these  extexnally  reinfceced 
concrete  beams  have  a  poorer  wei^t  to  coverage  ratio  dian  dm  least  efficient  of  die  three 
previously  considered  conceits  discussed  in  Parts  A  andE  this  secdtm. 

An  estimate  ai  the  cost  to  fabricate  these  beams  was  based  oa  the  cost  of  die 
fiben  and  die  concrete  ftnsing  and  jdacing  costs.  The  price  of  carbon  fibers  depends  on  the 
process  and  quality  of  the  fibers,  widi  a  pc^sibie  range  ci  $12  to  $85  per  pound  (Reference  62). 
The  low-cost,  hi^-strength  grqihite  fibers  used  for  remfoccing  the  lab*scale  beams  have  an 
approximate  cost  ttf  $25  per  pound.  Unidiiectiooal  continuous  fibers  (tows)  that  might  be  used 
for  piltrusioa  would  be  in  the  $15  per  pound  range,  whereas  woven  fibers  having  biaxial  strength 
are  in  the  range  of  $80  per  pound  (Reference  63).  For  the  present  case,  a  price  of  $20  per  pound 
was  assumed  for  die  carbon  fibers,  and  the  fiber  content  was  assumed  to  be  60%  by  volume  of 
the  reinforcement  Since  the  fiber  cost  (fominaiss  die  price  of  the  compositt,  the  cooqxisite  cos: 
considered  the  fiber  cost  only.  Manufacturing  the  reinforcing  sheets  and  bonding  diem  to  the 
concrete  beam  would  incur  additional  cost  but  since  tlMse  are  completely  unknown,  they  were 
not  included  in  the  esdmaie.  Therefore,  the  estimated  cost  represents  a  very  approximate  lower 
bound. 


so  foot  Span 


riiSl 


2*  thick 
CFRP 


c _ □ 


20  foot  Span 

24.0*  . 


38.3  tons 
766  Ib/SF 


6.40  tons 
318  Ib/SF 


SO  foot  Span 


20  foot  Span 

24.0* 


r 


33.8  tons  6.20  Tons 

675  Ib/SF  309  Ib/SF 


Figure  25.  Full  Size  CFRP  Beams  Required  for  Dynamic  Loads. 
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Estimates  were  made  for  the  20-  and  SO-foot  beams  with  1/4  indi  of  CFRP 
leixiforcement.  The  analysis  showed  no  benefit  from  using  thick  sheets  of  minfotcing.  The 
estimated  costs  of  thsss  two  beams  are  $7150  (20  foot)  and  $33,650  (SO  foot),  which  equates  to 
$71.50  per  square  foot  and  $336.50  per  square  foot  of  coverage,  respectively.  For  both  beams 
the  fiber  cost  represents  approximately  73%  of  the  total  cost  of  the  beam. 


Figure  26.  Maximum  Response  Chart  for  Elastic  SDOF  Systems  Showing  CFRP 

and  Hberglass  Beant  Responses. 

6  Pul  truded  Fiberglass  Beams 

Pultraded  fiberglass  beams  are  a’vnmercially  manufaettired  in  a  I'ariety  of 
structural  shqxs  and  compete  with  steel,  wood,  and  alumnum  in  applications  where  strength, 
light  weight,  corrosion  resistance,  and  electrical  non-conductivity  arc  required.  Because  cf  its 
good  strength  to  weight  ratio,  pultruded  fiberglass  beams  were  investigated  for  roof  beam 
elements  for  protective  smictures. 
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The  starting  point  for  this  investigation  was  to  evaluate  the  dynamic  capacity  a 
commercially  available  product  The  largest  rectangular  section  available  &om  a  manufacturer  of 
such  products  (Reference  64)  has  dimensions  9  inches  wide  by  1 1  inches  deep  with  3/4  inch  waU 
thickness.  This  beam  weighs  iq)proximately  500  pounds  for  a  20  foot  span.  Analysis  showed 
that  a  20  foot  beam  would  resist  a  dynamic  load  of  s^proximately  120  psi  with  25  msec  duration 
(Reference  65).  roughly  the  equivalent  of  a  hit  from  a  250  lb  GP  bomb.  The  same  beam 
spanning  50  feet  will  support  static  load  from  sli^tly  under  2  feet  of  soil  with  no  extra  capacity. 
Thoefore,  to  resist  greater  dynamic  loading,  such  as  those  used  for  the  other  concepts,  a  thicker 
and  heavier  beam  would  be  required. 

The  design  of  such  a  beam  used  design  assumptions  developed  in  Reference  64 
and  summarized  as  follows: 


1)  Flntural  strength  is  determined  by  the  maximum  allowable  stress  in  the  flange;  this 
may  be  governed  by  tensile  failure  in  tlie  tension  flange  or  buckling  of  the 
cconpressive  flange.  The  flexural  strength  is: 


where: 


Fn«- 


16(b/t) 


^^35,000  psi 


(23) 


Fu  a  ultimate  flexural  stress,  psi 
£  =  izxxlulus  of  elasticity  for  material 
ss  3x10^  psi 

b  =  width  of  beam,  inch 
t  =  wall  thicknes.s,  inch 

The  allowable  bending  stress  Fj,  has  a  factor  of  safety  of  2.5: 

2)  Shear  strength  is  determined  from  the  allowable  shear  stress 
Fy  =  40(X)/3.0  =  1,333  psi. 

This  tqjproach  is  based  on  errpirical  results  from  tests  on  many  beams  by  one 
manrifactuxcT,  and  is  appropriate  for  the  preiiminary  investigations  described  herein.  A  more 
rigorous  and  general  analysis  is  presented  in  Reference  66  for  designing  pultruded  beams  with 
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open  and  closed  cross  sections,  different  fiber  and  matrix  materials,  and  various  fiber 
orientadons.  The  procedure  is  rather  lengdiy  and  was  not  used  in  this  preliminary  invedgadon. 

For  the  dynamic  analysis,  tensile  and  shear  strength  values  Fb  and  Fy  were  not 
reduced  by  the  factors  of  safety  given  above.  The  ductility  factor  was  limited  to  no  more  than 
1.0  because  of  the  britde  response  associated  with  tensile  rupture,  buckling  and  shear  failure. 

A  box'beam  was  considered  for  several  reasons.  With  two  webs  to  carry  shear, 
the  ultimate  strength  is  less  likely  to  be  controlled  by  shear.  The  box  beam  shape  is  also  iix>re 
stable  in  resisting  lateral-torsional  buckling  due  to  the  increased  stiffness  of  the  top  flange. 
Thirdly,  the  top  flange  of  an  I-beam  might  need  special  attention  to  resist  the  transverse  beraiing 
and  shear  stresses  firom  the  blast  pressure  acting  on  the  cantilevered  flanges. 

Two  cross-sections  designed  for  a  20-foot  span  are  shown  in  Hgure  27  along 
with  the  9  inch  by  11  inch  commercially  available  beam  mentioned  earlier.  Both  beams  have 
overall  dimensions  of  12  inch  wide  by  28  inch  deep  but  differ  in  wall  thickness  and  number  of 
webs.  The  single-box  beam  was  governed  by  shear  and  required  a  wall  thickness  of  2.7  inches. 
The  double-box  beam  required  a  wall  thickness  of  2  inches  to  achieve  adequate  resistance  for  a 
ductility  of  1.0.  The  two  beams  weigh  1.57  tons  and  1.61  tons  respectively  with  ratios  of  weight 
per  area  of  157  and  161  pounds  per  square  foot 

Doubling  the  width  of  the  beam  fiom  12  inches  to  24  inches  required  a  cross- 
section  38  inches  deep  with  four  webs,  each  2.5  inches  thick.  Shear  governed  the  thickness  of 
the  webs,  therefore,  the  flexural  ductility  was  slightly  less  than  1.0.  The  weight  of  this  beam  was 
3.78  tons,  resulting  in  an  areal  weight  of  189  pounds  per  square  foot 


1.57  tona  1.61  tons 

157  Ib/ST  161  Ib/SF 

Hgure  27.  Pultruded  Fiberglass  Beam  Designs  for  20-Foot  Roof  Span. 
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Achieving  a  50-foot  span  required  the  beam  cross-section  shown  in  Figure  28. 
This  double-box  beam  has  overall  dimensitms  of  18  inches  wide  by  44  inches  deep  with  2.15- 
inch-thick  walls.  This  beam  weighs  6.88  tons  and  has  a  weight  per  area  rado  of  183  pounds  per 
square  foot 

Estimating  the  fabricadon  cost  for  these  conceptual  beams  is  very  speculadve, 
because  of  the  unknown  cost  of  tooling  and  other  equipment  required  to  produce  extremely  large 
custom  shapes.  An  estimate  was,  therefore,  made  using  the  cost  of  the  fibers,  assuming  that  this 
will  represent  the  bulk  of  the  material  cost  Using  $0.75  per  pound  for  E-glass,  and  a  50%  by 
volume  fiber  content,  the  weight  of  fibers  was  estimated  for  the  beams  described  above.  The  20- 
foot-long,  9-inch  by  11 -inch  by  3/4-inch  beam  would  cost  approximately  $230.  The  20-foot- 
long  single-box  beam  has  a  fiber  cost  of  $1540  ($77  per  square  foot)  and  the  SO-foot-long 
double-box  beam  has  a  fiber  cost  of  $6750  ($90  per  square  foot). 


jjb21 


6.88  tori9 
18<  Ib/SF 


Figure  28.  Pultruded  Fiberglass  Beam  Designs  for  50-Foot  R  xjf  Span. 
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7. 


Conclusums  and  RecommendadcHis 


The  use  of  concrete  beams  with  external  CFRP  reinfoccmg  does  not  represent  a 
viable  concept  for  roof  beams  at  this  time.  The  ultimate  flexural  strength  is  characterized  by 
brittle  Mure  inodes,  eidier  in  tension  rupture  of  the  CFRP  fibers  or  crushing  of  the  concrete. 
Therefore,  such  beams  must  remain  elastic,  hr  blast*resistant  and  seismic  design,  members 
designed  for  idatively  large  ductilities  require  a  fraction  of  the  static  strength  of  an  elastic 
member  aiui  are,  tberefrne,  much  mne  ectxiomicaL 

Pultruded  FRP  beams  were  also  analyzed,  and  found  to  have  acceptable 
perfoimaoce  and  weight,  even  though  they  also  were  limited  to  a  ductility  factor  less  than  1.0. 
The  characteristics  of  these  beams  which  permits  them  to  work  are  their  flexibility  and  low  mass. 
Thc!ie  beams  had  relatively  long  natural  periods  compared  to  the  duration  for  the  dynamic  load. 
Hguie  26  shows  a  SDOF  response  graph  with  the  ratios  for  the  20>foot  and  S0>foot  beams 
and  their  corresponding  dynamic  load  factors.  For  these  two  beams,  the  required  resistances  are 
90%  and  40%  d  the  tqipUed  load. 

While  beams  with  wall  thicknesses  of  2.S+  inches  were  designed,  naanufactuiing  is 
limited  to  sections  with  wall  thickness  less  than  1*1/4  inches.  This  limitatim  is  related  to  the 
thermoset  curing  process  which  is  exothermic  and  very  rate  sensitive.  Problems  occur  with  void 
inclusions  when  thick  sections  are  manufactured.  Another  limitatioa  in  the  manufacturing 
process  is  the  overall  size  of  the  beam.  .As  the  overall  beam  size  iucreases,  larger  pulling  forces 
are  required  to  overcome  surface  friction  within  the  tool.  The  largest  rectangular  shape  currently 
available  is  9-inch'Wide  by  ll-inch*deep  with  3/4'inch  wall  thickness.  The  largest  open  cross- 
section  is  an  I-beam  with  24  x  3/8  inch  web  and  7  x  3/4  inch  flanges. 

The  thick-wall  shapes  were  designed  using  a  very  simple  design  procedure  that 
applies  to  a  specific  manufacturers'  standard  products.  Cusrondzadon  of  the  fiber  and  matrix 
composition  could  possibly  reduce  the  thickness  of  the  walls  and  overall  size  of  the  beams.  The 
required  design  procedure  becomes  more  complex,  as  the  beam  must  be  treated  as  an  orthotropic 
laminated  material  Should  there  be  a  nerri  to  pursue  this  concept,  it  should  include  a  rigorous 
analytical  and  experimental  effort  to  quantify  the  global  behavior  of  the  beam  and  local  behavior 
of  its  individual  ctxnponents.  An  example  of  such  an  investigation  is  described  in  Reference  66 
which  found  that  local  buckling  of  the  ccanpiession  flanges  introduced  a  failure  mode  that 
eventually  resulted  in  material  degradation  and  total  failure  of  the  beam.  This  sourtx  developed 
analytical  solutions  to  piedict  this  behavior  based  on  either  measured  or  computed  mateiiai 
properties. 
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Another  consideration  associated  with  pultnided  beams  is  the  effect  of 
temperature  on  retention  of  physical  properties.  This  characteristic  is  highly  dependent  on  the 
composition  of  the  matrix  material  Recommended  approximate  values  for  retention  of  ultimate 
stress  and  modulus  of  elasticity  for  several  piopiietaxy  resin  systems  are  given  in  Table  1 1  below. 


TABLE  11.  PHYSICAL  PROPERTY  RETENTION 
FOR  TYHCAL  FuLTRUDED  BEAMS 


Temperature 

Resin  System 
"A" 

Resin  System 

Ultimate  Stress 

100«F 

83% 

90% 

125*' F 

70% 

80% 

150®  F 

50% 

75% 

Modulus  of  Elastid 


100®  F 

100% 

100% 

125®  F 

90% 

95% 

150®  F 

85% 

90% 

R  FINAL  EVALUATION 

Five  concepts  were  considered  for  roof  beams  for  a  rapidly  crectablc  protective  shelter. 
This  section  briefly  reviews  the  results  &om  the  pieceding  analysis,  and  evaluates  those  results 
within  the  framework  of  the  evaluation  criteria  described  in  Secdon  4.D.  Reasons  are  given  for 
the  ratings  given  to  each  concept.  The  objective  of  this  svaluation  was  to  select  the  most 
promising  concept  for  further  validation  with  laboratory  tests  on  prototype  beams. 

The.  five  concepts  considered  in  this  study  were:  reiiiforccd  concrete  (RC),  prestressed 
concrete  (PS),  steel-concrete  composite  (SC),  concrete  with  external  carbon  fiber  plastic 
reinfciccment  (CFRP),  arxi  glass  fiber  reinforced  plastic  beams  (GFRP).  The  criteria  and 
weighing  factors  by  which  the  co.ncepts  were  evaluated  consisted  of:  fabrication  cost  (25%), 
handling  (15%),  storage  (15%),  erection  (25%),  and  relialxlity  (20%).  A  relative  rating  between 
one  and  five,  with  five  representing  the  best  and  one  representing  the  poorest,  was  assigned  to 
each  concept  fc^  criteria.  A  final  score  was  then  obtained  by  summation  of  the  products  of 
the  weighting  factors  ^  the  ratings. 

In  arriving  at  the  relative  rankings,  the  summary  information  in  Table  13  was  considered 
along  with  other  subjective  factors.  In  fabrication,  mass  production  and  lew  material  costs  favor 


prestressed,  steelK:oncrete  composite,  and  GFRF.  While  rcinfcffced  concrete  and  CFRP 
concepts  ^  be  mass  produced,  they  require  more  labor'intensive  fabrication  related  to  installing 
larger  quantity  of  ^ear  reinforcement  or  bonding  of  external  reinforcing.  Evaluation  of  handling 
was  based  on  weight  and  toughness  of  the  beam.  Reinforced  concrete  and  CFRP  beams  wei£^ 
the  most,  while  prestressed  is  subject  to  breakage  because  of  prestressed-induced  tensile  stresses, 
and  tiiw  CFRP  and  GFRP  can  be  damaged  by  abrasitxi  or  gouging  of  the  fibers.  On  the  other 
hand,  steel  concrete  coirq)osite  had  medium-weight  and  could  withstand  fidrfy  rou^  handling 
without  significant  damage. 


TABLE  12.  SUMMARY  INFORMATION  FOR  CONCEPT  EVALUATION 


CONCEPT 

COST 

EFFICIENCY  (LB/SF) 

20  FOOT 

so  FOOT 

20  FOOT 

50  FOOT 

RC 

82 

87 

260 

281 

PS 

70 

62 

202 

226 

SC 

71 

70 

163 

154 

CFRP 

72 

336 

310 

675 

GFRP 

77 

90 

160 

183 

In  storage,  reinforced  concrete  appeared  to  be  the  least  sensitive  to  exposure  and  long¬ 
term  effects.  Prestiessed  will  undergo  time-dependent  creep  vdiich  may  increase  the  amount  of 
camber  for  high  levels  of  prestress;  in  addition,  prestressed  would  likely  have  narrow  cracks  in 
the  top  slab  due  to  tensile  stresses  that  could  allow  water  and  moisture  into  the  beam.  The  steel- 
concrete  composite  beams  would  require  coating  to  seal  the  steel  girder  fiom  moisture  and,  thus, 
corrosion.  CFRP  and  GFRP  have  temperature  and  UV  sensitive  matrix  materials,  and  unless 
properly  stored  could  experience  strength  loss  over  the  expected  20-year  lifetime. 

Rankings  under  the  erection  criteria  were  related  to  total  beam  weight  and  weight  per 
area.  GFRP  beams  were  rated  the  highest  because  of  their  overall  light  weight  and  smaller  size. 
Steel-concrete  composite,  prestressed,  reinforced  concrete,  and  CFRP  were  ranked  according  to 
their  weight  per  unit  area.  Consideration  was  not  given  to  integration  with  the  shelter  wall; 
however,  tiiis  will  most  likely  be  an  important  design  consideration  when  the  roof  beams  and 
reinfcxced  soil  wall  are  combined.  Design  of  the  abutment  and  ends  of  the  beam  will  take  into 
account  bearing  and  shear  stresses,  anchorage  of  tensile  reinforcement,  and  anchorage  for 
rebound. 

Finally,  the  reliability  criteria  subjectively  ranks  the  confidence  one  has  in  the  concept  to 
perform  as  designed.  This  includes  a  knowledge  of  the  component  materials  (steel,  concrete. 


GFRP,  and  CFRP),  the  way  these  materials  are  combined  into  a  structural  member,  and 
knowledge  of  the  past  performance  of  similar  structural  elements  under  static  and  dynamic  loads. 
Steel-concrete  composite  received  the  highest  ranking;  in  diis  concept  two  very  wdl  understood 
materials  are  cmnbined  in  the  least  complicated  system  of  the  five  concepts.  Reinforced  concrete 
is  ranked  next,  and  shares  the  same  advantages  of  steel-concrete  composite.  However,  this 
concept  relies  extensively  on  high  perfcrmance,  li^twei^t  concrete  to  reduce  the  weight  of  the 
beam.  Although  recent  research  supports  the  validity  of  traditional  design  assun^dons,  actual 
design  e3q>erience  is  relatively  sparse.  This  smt  lo^  ^lies  to  prestressed,  with  the  additional 
uncertainty  that  protective  structures  historically  have  not  iitiliMrf  prestressed  concrete.  Finally. 
GFRP  and  especially  CFRP  concepts  have  significant  uncertainties  and  assunq>tions  that  must  be 
further  invesdgated  before  they  can  be  used  with  confidence  for  blast-resistant  stmetures.  The 
final  rankings  for  each  concept,  considering  all  of  diese  factors  is  presented  in  Table  13. 


TABLE  13.  EVALUATION  OF  CANDIDATE  BEAMS 


CRITERIA 

WEIGHT 

RC 

PS 

SC 

CFRP 

GFRP 

Fabrication 

25% 

B 

5 

1 

3 

Handling 

15% 

B 

3 

1 

4 

Storage 

15% 

3 

1 

2 

Erection 

25% 

3 

1 

5 

Reliability 

20% 

B 

3 

5 

1 

2 

Total 

2.85 

3.5 

4.35 

1.0 

3.3 

The  combinadon  of  low  fabricadon  cost,  structural  efficiency,  and  confidence  gives  steel- 
concrete  composite  the  highest  ranking  of  the  five  concepts.  The  importance  given  to  weight  of 
the  beams  is  apparent  by  the  relative  scores  for  reinftxced  concrete  and  GFRP.  Reinforced 
concrete  has  been  and  will  continue  to  be  a  predominant  construction  method  for  protective 
struemres.  However,  GFRP  appears  promising  and  warrants  further  investigation  because  of  its 
low  weight  and  good  strength  properties.  One  possible  use  might  be  in  a  two  way  roof  system 
for  a  reduced  threat  scenario.  Such  a  roof,  shown  in  Hgure  29,  would  consist  of  primary  steel- 
concrete  composite  girders  on  IS,  20  or  25  foot  centers  supporting  lightweight,  elastic  beams 
placed  on  top  of  the  girders  to  form  the  roof  of  the  shelter,  GFRP  beams,  or  custom  built  FRP 
composite  panels,  would  be  a  leading  candidate  for  the  lightweight  elastic  beams. 


:a«9SBC?f 
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Figure  29.  Proposed  Lightweight  Two-Way  Roof  System 
Using  Pultrodcd  Rbcrgiass  Beams. 


SECTIONS.  ENHANCING  BEAM  DUCTILITY  WITH  CONFINED  CONCRETE 


A.  CONFINED  CONCRETE  ANALYSIS 

Desigc  procedures  for  remibrced  concrete  are  predicated  on  the  assompdon  that  concrete 
exhibits  htittie  failure  at  small  stiaiits.  Design  of  structural  elements  to  respond  in  a  ductile  mode 
has  been  acccxnplisbed  by  limiung  the  effective  tensile  reinforcing  ratio  and  through  the  addition 
of  compression  reinforcement  Design  of  columns  and  joints  to  resist  seisnic  induced  loading 
rdiies  on  die  use  of  transverse  reinforcing  to  confine  an  interior  concrete  core.  The  effect  of 
closely  spaced  shear  reinforcement  in  conjunction  with  cooqnessimi  imnfoicement  in  beams  has 
been  recognized  for  some  time  (References  26  and  27).  As  a  result  seismic  provisions  of  the 
ACl  Code  (Reference  3)  require  closely  spaced  hoops  in  flexural  members  where  yielding  is 
Hkeiy  to  occur  (21.3.3.1  and  21.3.3J2).  In  the  present  study,  an  analytical  metitod  was  used  to 
quantify  the  effect  of  using  confining  reinforcement  on  the  strength  and  ductility  of  the  concrete 
slab  in  the  steel-concrete  composite  concept 

1.  Background 

The  compressive  strength  of  concrete  f  'c  is  determined  fiom  axial  compression 
tests  of  cylindrical  specimens.  Stress-strain  curves  (Reference  48)  for  typical  concrete  specimens 
of  various  strengths  are  shown  in  Figure  30.  Normal  strength  concrete  has  peak  stress  values  of 
3,000  to  4,000  psi  at  a  corresponding  strain  of  0.2%.  After  the  peak  load  is  reached,  the 
concrete  gradually  lo%s  strength  and  will  completely  M  at  strains  between  0.3%  to  0.4%. 
When  concrete  is  tested  under  triaxial  loading,  with  lateral  confinemem  provided  by  a 
pressurized  fluid,  two  changes  occur  the  strength  improves  dramatically  and  the  peak  and 
ultimate  strains  become  veiy  large.  For  example.  Figure  31  shows  stress-strain  curves 
(Reference  48)  for  a  concrete  witii  f  ^  =  3600  psi  under  increasing  triaxial  pressures.  These  test 
results  suggest  that  the  longitudinal  stress  at  failure,  oj,  increases  linearly  with  the  confining 
pressure,  03,  viz., 

<yi  =  f’c +4,1-03  (25) 

In  addition,  strain  at  peak  stress  tends  to  increase  with  increasing  confining  stress.  The  benefit  of 
tills  phenomenon  in  structural  applications  has  been  studied  extensively,  with  particular  regard  to 
seismic  design  of  columns  and  beam-colunm  joints.  A  comprehensive  state-of-the-art  review  of 
this  subject  is  contained  in  Reference  68. 
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Axial  stress,  (psl) 


0  Q.01  0.02  0.03  0.04  0.05  0.06  0.07 


Strain  (in./in.) 

RguicSL  Axial  Stress-Strain  Curves  for  Fc  =  3600  psi  CiMicretc 

Under  Triaxial  Load  Conditions.  (Reference  48) 
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2.  Analy^  of  Oxifined  Concrete 


The  concrete  siab  portioa  of  the  steel-comriete  composite  roof  beam  experiences 
ccxnpressive  stresses  similar  to  a  column  under  axial  load.  While  the  strain  distribution  is  not 
unifonn  from  bottcxn  to  top,  die  stress  distribudcai  approaches  a  nearly  unifrnn  distribution. 
This  conditkxi  is  illustrated  schematically  in  Hgure  32  showing  the  idealized  linear  strain 
distributimi  and  coneqiooding  stresses  for  a  steel-conoete  cmnposite  beam  near  its  ultimate 
ctgiacity  widi  its  neutral  axis  in  or  near  die  mp  flange  of  the  girckr.  A  sdiematic  load-deflection 
curve  in  die  figure  shows  three  general  tespcmse  levels,  an  initial  elastic  regitm  prior  to  yidding 
of  the  tensitm  flange,  a  plastic  regimi  where  die  steel  section  progressively  yields,  and  a  post- 
peak  region  after  crushing  oi  tiie  concrete.  After  the  cmicrete  slab  loses  integrity,  the  residual 
bad  capacity  is  determined  by  the  steel  girder,  induding  any  local  failure  modes.  The  last  region 
of  re^nse  is  not  of  interest  in  design. 


P 


Hgure  32.  Typical  Steel-Concrete  Con^iosite  Beam  Stresses,  Strains, 
and  Load-Deflection  Response. 


83 


As  the  concrete  becomes  compressed  in  the  longitudinal  directitm  due  to 
development  of  the  internal  moment,  it  e:q>ands  in  the  transverse  direction  (similar,  but  to  a 
snoaller  degree  as  a  robber  eraser  gets  fatter  \tdien  squeezed).  This  latoal  esqtansion  can  be 
resisted  by  external  pressure,  as  in  a  triaxial  load  test,  by  an  external  jacket  (Reference  69),  or  by 
internal  lemforcing.  In  circular  cross-sections,  spiral  rebar  cages  are  very  effective,  and  for 
square  or  rectangular  ctoss-secdons,  hoops  and  cross-ties  have  been  used  very  succes^uUy.  The 
transverse  leinfoicing  provides  stiffeess  to  and  enables  the  longitudinal  bars  to  cmifine  the 
concrete  ewe.  Hgure  33  illustrates  schematically  a  square  column  undo:  axial  compression  with 
various  ctmfiguradmis  of  Icmginidinal  and  transverse  reinforcing.  The  Imigitudinal  rebar  is 
stiffened  by  closely  spaced  transverse  hoops  and  ties  and  develops  significantly  more  confinement 
dtan  if  they  were  absent  This  confinement  is  depicted  for  three  different  cases  along  with 
typical  stress-strain  curves  for  the  confined  concrete  core.  In  general,  an  increase  in  transvarse 
reinforcement  and/or  a  decrease  in  tie  spacing  increases  the  suength  and  ductility  of  the  confined 
concrete  core.  The  analysis  described  next  characterizes  this  effea  and  estiinaies  the  resultant 
stress-strain  behavior  of  the  confined  concrete. 

Many  models  have  been  proposed  to  describe  the  interaction  of  concrete  and 
confining  reinforcing.  Rather  than  evaluate  the  merits  of  all  the  confined  concrete  models,  a 
model  was  chosen  that  had  moderate  complexity  and  good  predictive  capability  based  on 
comparison  with  a  large  number  of  experimental  results.  This  model  computes  the  peak  stress 
and  strain  for  pecific  geometric  and  material  parameters,  and  uses  these  values  to  estimate  the 
stress-strain  behavior  of  the  confined  concrete.  The  analysis  described  next  is  taken  from 
Reference  70. 


a.  Generalized  confined  compressive  strength. 


The  analysis  replaces  the  coe^cient  4. 1  and  value  of  confining  pressure  03  in  the 


previously  described 

linear 

relation  between  concrete  strength  and  confining 

stress  with 

couputed  values,  i.e.. 

^  cc 

s 

fco+kjf]g 

(26) 

where: 

f  cc 

s 

confined  conpressive  strength 

f  CO 

=i 

unconfined  compressive  strength 

= 

coefficient  determined  by  calculation 

^le 

= 

equivalent  confining  stress  by  calculation 
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AxIqI ly  loo^ 
Concrete  Colum 


lateral  Restraint 
and  Pressure 


Stress  -  Strain 
Behavior 


a.)  Lightly  Reinforced 


1 

5^\  O 

^  q; 

b.  ]  itodaroteiy  Reinforced 


s 

1 

1 

i 

1 

n 

■1 

1 

1 

9 

1 

■n 

1 

■ 

c. }  Heavily  Reinforced 


Rgure  33.  Behavior  or  Symmetric  Axially  Loaded  Members  with 
Different  Levels  of  Confining  Reinforcement. 


b.  Square,  Symmetrically  tdiifoiced  ccdmmts. 


The  equivalent  confining  stress,  ai^troximates  the  variable  stress  (lateral  restraint) 
shown  in  Hguie  33  with  an  equivalent  urtifbRtt  value.  For  Uie  case  of  closely  spaced  bars  and 
crossties  in  Hguie  33,  the  pressure  distributkMi  is  indeed  close  to  unifonn.  Where  the  reinfixcing 
consists  only  of  comer  bars  tied  with  perimeter  hoops  at  large  ^)acing,  die  confining  pressure  is 
much  mote  variable  in  both  directions.  Therefme,  an  equivalent  unifann  pressure  was  estimated 
by: 


fle==k2fl 


(27) 


where: 

lt2  =  3.lJ(^X^xf)SLO 

and: 


(28) 


sb^ 

be  St  center  to  center  distance  of  perimeter  hoop 
leinforccineaL 

=  area  of  transverse  reinforcement  in  one  diiection. 
fyt  =  yield  stress  of  transverse  reinforcement,  psL 
s,si  =  spacing  between  transverse  ties  and  longitudinal  bars  respectively. 


(29) 


The  coefficient  kj  in  Equation  26  is  then  calculated  as: 


ki=15.6(fie)'^*^'^ 


(30) 


The  equation  forf]^,  applies  to  square  columns  with  equal  reinforcing  in  both  directions. 

c.  Rectangular,  Unsymetrically  Reinforced  0>lumn. 

For  the  rectangular  cross-secticr'  shown  in  Hguie  34,  the  previous  relationships  for 
square  columns  were  modified  to  account  for  different  widths,  i.e.,  bex  ^  ^cy*  equivalent 
lamral  pressure  is  calculated  as: 
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(31) 


+^cy 


This  relationship  is  shown  in  Hgnre  35.  The  values  in  tins  equation  ate  calculated  for  each 
direction  using  modified  fonns  of  equations  27  through  29. 


^2% 


SI 


fix* 


S-^sxfyt 

sbcx 


(32) 


Similar  equations  are  used  for  fj^y. 


Figure  34.  Biaxial  Confinement  in  Rectangular  Members. 
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d.  Confined  concrete  itress-strain  curve. 


After  calculating  the  maximum  strength  f  the  coiresponding  strain  is 
calculated  by  the  expression; 


where: 


and; 


ei=eoi(l+5K)  (32) 

=  Strain  at  peak  stress 

Eqx  =  strain  corresponding  to  peak  stress  f  CO  determined  under  same  rate  of 
loading  as  tliat  used  for  the  confined  concrete 
=  0.002  for  low  rate  of  loading 


K  =  ^^S£.  (33) 

^co 

The  parabolic  rising  branch  of  the  stress-strain  curve  is  then 

=  ^'cc  S  4  (34) 

as  shown  in  Figure  35.  The  linear  descending  branch  is  defined  by  the  strain  at  85%  of  f 
Analysis  of  column  tests  were  used  to  determine  the  relationship  for  this  strain  as: 


EgS  =  260  p  Ej  +  Eo85 


Where 

^085  “ 

the  strain  at  85%  of  the  unconfined  compressive  strength  aftn*  the 
peak 

El 

peak  strain  for  confined  concrete 

P 

transverse  reinforcing  ratio 

The  summation  indicates  the  total  area  of  transverse  reinforcement  in  two  directitms  crossing  b^x 
and  bey.  If  £o85  ^  determined  by  tests  under  the  same  rate  of  loading  as  the  confined 
concrete,  a  value  of  0.0038  may  be  appropriate  for  slow  loading  rate.  The  post-peak  strength 
descends  linearly  to  20%  of  the  peak  value  f  after  which  it  is  assumed  constant 

The  linear  descending  branch  is  highly  influenced  by  the  amount  of  transverse  reinforcement 
providing  restraint  to  the  longimdinal  bars.  As  the  outer  skin  of  concrete  is  assumed  to  be  failed, 
sufficient  lateral  restraint  must  be  provided  to  keep  the  longitudinal  bars  fiom  buckling.  This  is 
an  extremely  important  point,  in  that  if  the  ItMigitudinal  bars  buckle,  they  can  no  Ic  iger  confine 
the  concrete  and  the  descending  branch  of  the  stress-strain  curve  is  steep  and  rapi^  i.e.,  failure  is 
rapid  and  catastrophic. 


Figure  35.  Analytical  Model  of  Stress-Strain  Curve  for  Confined  Concrete. 
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e.  Maximum  spacing  for  ties. 

The  maritnum  spacing  for  transvCTse  lemfocing  in  the  AC3  Code  under  Section 
7.10.5 '  Lateral  Reinforcement  for  Compression  Members  -  lies  is  given  as  "spacing  of  des  shall 
not  exceed  16  Irnigitudinal  bar  diameters.  48  de  bar  or  wire  diameters,  or  least  dimensitm  of  the 
compression  member."  The  des  should  be  arranged  such  that  every  comer  and  altonam 
longitudinal  bar  is  enclosed  by  a  coiner  of  a  de  with  an  included  angle  of  not  more  than  135’’. 
Spousing  between  unsupported  longitudinal  bars  should  not  be  greater  than  6  inches  clear  on  each 
side  along  the  de  from  a  laterally  supported  bar.  Figure  36  from  the  AQ  Code  OFig.  7.10.5)  is 
provided  to  clarify  the  foregoing  remarks.  The  seismk:  design  pordon  of  the  AQ  Code  for 
transverse  leinfcncement  of  members  subjected  to  axial  and  bending  .  Secdon  21.4.4.2,  states 
that  'Transverse  reinforcement  shall  be  spaced  at  distances  not  exceeding  (a)  one-quarter  of  the 
minimum  member  dimension  and  (b)  4  inches."  Addidonally,  the  total  cross-secdonal  area  of 
transverse  relnfoicement  (including  crossdes)  should  be  greater  than  the  values  given  by  the 
following  equadons: 


where: 


Ajji  —  0.3(sh{.) 


V^ch 


Ash=0.09(shc) 


A^h  =  minimum  area  of  transverse  reinfoicement 
Ag  s  gross  area  of  concrete  cross-secdon. 

A^h  ~  concrete  core,  measured  to  outside  of 

confining  reinforcing. 

fyh  ~  strength  of  hoop  reinfoicemenL 

h^  =  cross-sectional  dimension  of  concrete  core 

measured  centcr-to-ccnter  of  confining  reinforcemenL 
s  »  spacing  of  transverse  reinforcement 


(36) 


(37) 


Such  transverse  reinforcement  shall  consist  of  hoops  and  optional  crossdes  of  the  same  bar  size 
and  spacing  as  the  hoops.  Each  end  of  the  crossde  shall  engage  a  peripheral  longitudinal  bar,  as 
shown  in  Figure  37  taken  from  AQ  (Fig.21.4.4). 


[.  luoy  b«  greattr  thon  Sin. 

No  intormediote  tie  required 


Hgure  36.  Measuiemmts  Between  Laterally  Supported  Longitudinal 

Bars  &om  Reference  3. 

CoflSMutiv*  cmssties 
angagingttwsama 
lOR^ttudinat  ban  sMUl  have 
ttMir  90  Oagn*  hooKs  on 


1 - 

X  snail  net  axcseO  14  inch*; 


Figure  37.  Exair^jles  of  Transverse  ReinfoicenKnt  from  Reference  3. 
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B.  APPUCATON  TO  ROOF  BEAM  SLAB 


foregoing  analysis  procedure  was  used  to  design  teinfoicement  for  the  top  slab  of  the 
steel-coQcret)S  composite  beam.  Exaxqiles  of  a  typical  slab  with  two  different  reinforcement 
layouts  are  described  in  the  following  to  illustrate  the  use  and  benefits  of  this  concq>t 

Hgure  38  shows  a  cross-section  of  a  24-inch-wide  6-inch-deep  concrete  slab  such  as 
could  be  used  for  a  roof  beam.  Grade  60  #3  (3/8  inch  diameter)  rebar  was  used  for  both  the 
longitudinal  aitd  transverse  reinforcing.  The  concrete  was  assumed  to  have  an  unconhned 
compressive  strength  f  CO  of  40(X}  psL  The  two  cases  described  herein  represent  using  Tnaximum 
spacing  between  the  transverse  hoops  of  either  6  inches,  according  to  Ad  Sec.  7.10.5,  or  1.5 
inches,  if  Sec.  21.4.4.2  is  followed.  It  should  be  noted  that  spacing  based  on  1/4  the  width  of  a 
coluirm  is  reasonable,  but  not  really  practical  for  thin  slabs.  The  corresponding  amount  of 
transverse  reinforcing,  in  the  form  of  a  perimetfir  hoop  and  crossdes,  is  based  on  the  minimum 
amount  required  to  satisfy  ACI  Eqn.  21-3  or  21-4.  Afk  r  telecting  this  reinforcing,  die  procedure 
from  Reference  70  was  used  to  estimate  the  strength  and  ductility. 


Hgure  38.  Example  Reinforcement  Optirais  for  24-Inch-Wide,  6-Inch-Thick 

Normal  Strength  Concrete  Slab. 


For  Case  1  (Figure  39),  with  s  «  6  inches,  the  mimnaan  area  of  reinforcement  determined 
ACI  Equadons  21-3  and  21-4  was  0.782  in^.  This  result  was  derennined  by  using  h^  = 
21.625  incb«,  the  c';ntcr-to-center  distance  in  the  long  dimension.  This  requirement  can  be 
satisfied  by  one  perimeter  hoop  and  six  crossties  as  shown  for  case  1.  The  resulting  reinforcing 
has  eight  Itmgitudinal  bars  in  each  face  on  spacing  sj  of  approximately  3  inches.  The  minimum 
area  of  reinforcing  in  the  shc/t  direcdon  was  satisfied  by  the  perimeter  boc^  alone.  These 
parameters  lead  to  a  peak  confined  compressive  strength  of  nearly  5700  psi  at  a  strain  of  0.6%. 
This  represents  a  47%  gain  in  strength  and  peak  strain  3  times  the  value  of  8oi  ==  0.2%  assumed 
for  the  unconfin«i  concrete.  The  reinforcement  ratio,  psh>  here  as: 

Pd,=^.  (38) 

is  equal  to  0.68%  for  this  case. 

The  second  case  used  the  more  ccaiservative  spacing  of  1.5  inches  between  transverse 
hoops.  AO  Equations  21-3  and  21-4  give  a  uBnimum  area  of  reinforcing  of  0.196  in^,  which 
would  be  satisfied  by  the  No.  3  perimeter  hoop  (Agjj  =  0.22  in^).  However,  AO  Sec.  21.4.4.3 
requires  that  ciossties  or  legs  of  oviidapping  hoops  cannot  be  spaced  aK>re  than  14  uK:hes  on 
center  perpendicular  to  the  Icxigitudinal  axis  of  the  member,  see  Hgure  37.  Therefore,  one 
crosstie  is  used  in  addition  to  the  perimeter  hoop  and  the  resulting  reinforcing  has  three 
longitudinal  No.  3  bars  in  each  face  with  spacings  of  10.44  inches  in  the  long  direction  and  3.625 
inches  in  the  short  direction  (see  Figure  38). 

Computing  the  confined  concrete  strength  and  ductility  using  the  previously  defined 
equations  leads  to  a  peak  confined  cennpresrive  strengtii  of  6234  psi  at  a  strain  of  0.8%.  This 
represents  a  strength  gain  of  56%  at  a  ductilir '  of  usaiiy  4  times  the  unconfined  case.  The 
reinforcing  ratio  equals  1.07%  for  this  case. 

A  third  analysis  was  made  using  the  perimeter  hoop  and  crosstics  fiom  Case  1,  but 
centered  on  1.5-inch  spacing  as  detertmn«xi  from  Case  2.  The  resulting  confined  strength  was 
9335  psi  with  a  strain  of  1.5%  at  peak  stress.  The  strength  has  more  than  doubled  and  ductility 
is  nearly  8  times  the  unconfined  value  for  a  rcinfOTcing  ratio  Pgh  of  2.7%.  Figure  39  summarizes 
these  results  by  showing  the  computed  stress-strain  behavior  for  the  unconfined  concrete  aiKi  the 
three  confined  cases.  'Die  obdous  benefits  of  adequate  confinement  are  a  dramatic  gain  in 
strength  with  increasing  strain,  ?iid  much  greater  material  ductility.  These  characteristics  are 
ideal  for  the  steel-concrete  comoosite  beam.  While  this  same  approach  could  be  applied  to  the 
reinforced  concrete  and  piestresscd  beams,  it  is  likely  that  severe  rebsr  congestion  would  occur 
due  to  the  required  shear  stirrups  and  transverse  shear  and  flexural  leinforcemenL 
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Concrete  Stress  (psl) 


Hgure  39.  Analytic  Stress-Strain  Curves  for  Example  Slab. 
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SECTION  6.  PROTOTYPE  TEST  PROGRAM 


As  described  in  the  preceding  sectums,  the  sceel'concrete  coo^Kisitt  cios8>secti(Hi  with 
omfined  oncxete  presents  a  potentially  attractive  conc:?t  for  tdast-iesistant  roof  bean^  In 
general,  die  two  ^xy  indtvidual  cocqiooQits  of  this  ccmct^  i  sted-ccHKsete  coropc^ite  ami 
confinement  of  cumrete  have  been  apfikd  and  proved  tivftvMi«nv  for  eadi  component  for 
applicatkms  different  fitnn  that  ccnsideied  herein.  The  t^attfiinatkwi  d  these  c(»opoi»nts, 
applied  to  extranely  higb  resistance/weight  requirement  for  foe  shelter  roof,  has  not  yet  been 
proven.  Due  m  this  lack  of  proof-of-ctmcept,  a  ^totype  beam  test  jnogram  was  develt^ied  ami 
in^lememed. 

A.  OBJECTIVES 

The  test  program  was  deveicqied  to  provide  experimental  validatUm  of  foe  concept  in 
terms  of  strengfo,  diredliiy,  and  constructalrility.  Specifically,  the  static  fiextsal  resistance 
function  for  fois  concept  was  deveU^ied  analytically  using  foe  procedures  and  assumptions 
described  in  foe  previous  sectirms.  Whmeas  foe  anafytical  devek^pment  was  known  to  be 
fundamentally  sound,  the  perfonnance  of  foe  concept  idles  on  foil  development  of  theoretical 
strength  and  reliability  of  this  strengfo  over  a  wide  range  of  ductility.  Neither  foe  analytical 
procedure  nor  previous  research  could  prove  the  applicalaliQr  of  the  concept  to  meet  these 
requirements.  Ultiimte  confidence  in  foe  analytically  derived  static  resistance  function  couM  be 
achieved  only  through  experimental  validadon. 

In  addition  to  validation  of  foe  static  resistance  function,  the  overall  design  procedure  can 
be  partially  validated  via  prototype  testing.  Specifically,  foe  nonflexure  resistance  of  the  ccmcept, 
including  shear  and  bearing,  could  be  verified  through  foe  tests. 

Bnally,  foe  coastructal^ty  of  fois  particular  concept  has  not  been  proven  since  the 
confinement  of  foe  concrete  pcution  of  a  steel-concrete  composite  beam  has  not  been  previously 
seen  in  practice.  The  potential  fabrication  |xoblem  of  fois  combination  that  would  benefit  fix»n 
design  and  construction  of  the  test  ^jecimens  is  the  po^ble  interference  of  foe  considoable 
Icxigitudinal  and  transvase  reinforcement  required  to  produce  confinement  of  the  concrete  and 
the  shear  studs  lequhed  for  transfer  of  the  horizontal  shear  between  the  concrete  and  foe  steel 
section.  The  level  of  difficulty  in  fabrication  of  this  detail  could  be  investigated  and  detomined 
by  design  and  fateicadon  of  actual  large-scale  prototypes. 
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B.  DESIGN  AND  FABRICATION  OF  THE  TEST  BEAMS 


1  Laboraeory  Settqt 

|sott)cype  beaxns  were  co  be  ^ted  at  die  facflitfes  oi  tbe  Cc»icrete 
Tedmology  Diviaon  (CID),  Structnres  Laboratory.  U.S.  Anny  Waterways  Ejqsaiment  Stadoi 
(WES)  in  VicJcsbiirg.  MS.  These  facOities  include  a  large  stroctoial  test  floor,  various  loaiing 
frames,  reac^  frames,  loading  rams,  defkctkm  gages,  and  U)ad  ccmtn^  and  data  acquisitkHi 
devices.  The  capabilities  and  Kmitarinns  of  die  facilities  and  available  equ^snent  ptovi^  a 
frameworic  and  boundaries  for  cost-effective  pn^otype  beam  test  design. 

The  structural  test  floor  has  a  large  open  area  with  endiedded  dneaded 
connectors  for  attachment  load  frames,  reaction  frames,  and  other  test  etpupmon.  The 
jdiysical  dimensions  of  the  test  area  were  more  than  adequate  and  inqiosed  no  restraint  cm  the 
design  or  handling  of  die  test  qiecimens.  A  large  overiiead  gantry  crane  and  availal^  fc^difr 
provided  adequate  capacity  for  moving  any  of  die  im^iosed  test  specimens. 

The  grid  connectors  endiedried  in  the  floor  is  cm  a  3-foot  pacing  in  both 
direcdcms,  as  Olustiated  in  Hgure  40.  Each  dueacted  ctmnector  and  the  sm^toral  flom  is 
designed  for  a  maxhtUKn  vertical  load  (iqiward  or  downward)  of  1(X),(X)0  pounds  at  each  grid 
point  Various  ccm^iooettts  of  load  and  reactkm  frames  and  other  laboratory  ecpripmoit  were 
available  diat  were  ^ledfically  designed  to  work  in  this  threaded  connecum  system.  The  pacing 
of  the  connects  and  the  load  fimit  per  ccnmector  played  no  minor  role  in  design  of  the  test 
specimens.  The  intact  diese  constraints  are  described  in  the  following  secdon. 

Whereas  the  WES  laboratOTy  had  a  number  of  various  loading  and  reaction  fraxne 
components  and  several  sizes  and  types  of  loading  rams,  the  most  practicable  setup  involved 
using  the  load  frame  shown  in  Hgure  40.  with  a  single  loading  ram  with  150-tcm  capacity.  This 
loaciing  frame  is  supported  on  four  crolumns  on  6-foot  spacing  and  was  ^leciflcally  designed  for 
the  150-ton  ram  ctq»city.  The  clear  spacing  between  columns  provides  sufflcient  room  for  any 
prototype  beam  design.  Other  available  loading  frames  and  rams  were  of  considerably  less 
capacity  and  would  not  be  suitable  for  this  program. 

Likewise,  a  limited  number  of  reinforced  steel  beams  were  availaNe  to  act  as 
reaction  beams  or  spreader  beams  for  the  loading.  The  geometry  and  edacity  of  the  available 
beams  indicated  one  large  8-foot  beam  would  be  adequate  fm*  use  as  a  ^reader  beam  and  several 
smaller  beams  could  be  used  as  reacticxi  beams. 
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Plan  Vl«w 


Rgure  40.  Schematic  View  of  1 50-Ton  Load  Frame  Used  for  Prototype  Beam  Tests. 

Loading  was  acccanplished  with  the  150-ton  ram  under  displacemait  control. 
The  hydraulics  were  controlled  by  a  recently  installed  nricrocomputer  based  system.  The 
acmator  and  pump  were  reconditioned  just  prior  to  the  beam  tests.  The  new  system  monitored 
ram  displacement  and  load  as  control  vaiiabl^ 

Separate  data  acquisition  facility  at  the  WES  lab  were  capable  of  monitoring  up 
to  40  chaiuiels  of  data  simultaneously  at  a  fixed  sanq)ling  rate.  Data  was  acquired  from  strain 
gages  attached  to  the  beam,  displacement  gages,  aixi  the  load  cell  via  an  analog  to  digital  and 
signal  conditioning  system  interfaced  to  a  data  acquisiticMi  computer. 
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Since  the  data  sampling  rate  was  constant,  the  ram  displacement  rate  was  set  to 
provide  a  reasonable  number  of  data  points  in  the  three  primary  regions  of  response,  i.e  linear 
elastic,  yield,  and  plastic.  A  slow  ram  displacoxnt  rate  was  prescribed  in  the  linear  region  due 
to  the  reladvely  stiff  response.  A  slower  displacement  rate  was  prescribed  for  the 
crushiag^elding  regicai  to  permit  good  definition  of  this  region  of  significant  changes  m  the 
sdf&ess  of  the  system.  The  displacement  rate  was  stgmficantly  increased  in  die  pos^ld  region 
to  permit  timely  completion  of  the  test  and  to  acquire  only  a  reasonable  number  of  data  points  in 
this  regimi  of  large  displacements.  Rgure  41  and  Table  14,  tali^n  from  the  test  plan,  show  the 
selected  displacement  rates  and  deflecdon  regions  for  the  tests. 


TABLE  14.  BEAM  TEST  DISPLACEMENT  RATES. 


Number  o 

r  Samples 

10-foot 

16-foot 

50 

100 

Region 


Displacement 
Rate  fin/sec) 


.001 


Deflection  Range  (in) 


10-foot 


16-foot 


0-1 


I 


0-0.5 


2.  Design  and  Fabrication  of  Test  Beams 


The  test  beams  were  designed  udng  the  procedure  developed  herein.  As  the 
loading  would  be  static  and  nonuniform.  the  design  was  inimarily  based  on  the  ultimate  flexural 
capacity  and  sdfhiess  of  the  test  beam.  The  limitatioiis  imposed  by  available  equipment, 
primaxily  the  ISO-ton  total  vertical  load  capacity,  restricted  the  prototype  design  to  a  small  &mily 
of  test  beams.  Additionally,  the  beam  weight  and  size  was  to  be  limited  somewhat  to  permit 
reasonable  handling  with  limited  facilities  of  pc^dal  fabricators  and  allow  a  reasonable  number 
of  beams  to  be  built  within  the  budget 

The  basic  beam  design  considaed  a  symmetrical,  simply  supported  beam  with 
two  point  loads  to  produce  pure  bending  in  the  center  section,  as  shown  in  Hguxe  42.  The 
maximum  ^plied  moment  was,  thus,  a  function  of  the  distance  between  a  load  point  and  nearest 
support,  and  the  maximum  vertical  load.  The  distance  between  load  points  was  maintained  at 
values  greater  than  twice  the  beam  depth  to  minitnize  localized  load  effects.  Two  different  beam 
designs  were  developed  to  investigate  response  for  different  length/depth  ratios.  The  beam 
lengths  selected  comesponded  approximately  to  half-  and  third-scale  for  the  expected  prototypes. 
However,  the  beam  designs  were  not  to  be  scale  models,  rather  they  represent  prototypes 
somewhat  shorter  than  the  spans  of  20  and  50  feet  For  each  beam  design,  two  specimens  were 
fabricated  to  provide  replication  and  backup. 


Hgure  42.  Prototype  Beam  Four-Point  Load  Gjnfigurauon, 

Shear,  and  Moment  Diagrams. 
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Each  beam  was  designed  to  ensure  flexural  response,  i.e.,  all  other  respcmse 
modes  were  carefully  designed  to  prevent  premature  failure  in  another  mode.  Specifically,  the 
shear  studs,  web  ^ear,  reaction  point  and  load  point  bearing,  welds,  and  flange  budding  were 
conservativdy  designed  to  carry  mote  than  the  expected  maximum  load.  This  censervatism  for 
ncxiflexural  modes  was  ccHisistent  with  the  design  procedure  to  ensure  flexutai  response  and 
ductQity. 

The  prototype  test  beams  were  fabricated  using  standard  ctmerete,  leinfixcing 
sreel,  and  plate  steel  Specifically,  the  concrete  was  specified  to  have  a  28-day  strength  of  4000 
psL  The  reinfoftcement  used  standard  bars  with  a  nominal  yield  strength  of  60  ksi  (ASTM 
A615).  The  plate  steel  was  typical  of  plate  girder  construction  with  a  nominal  yield  strength  of 
SO  Icsi  (ASTM  A572).  Standard  welds  and  Nelson  shear  studs  (ASTM  A108)  were  specified. 

The  two  prototype  beams  were  10  feet  and  16  feet  bng  with  clear  spans  between 
supports  of  9  feet  and  IS  feet  The  constant  moment  secticn  between  load  points  was  2  feet  for 
the  10-foot  beam  and  3  feet  for  the  16-foot  beam.  The  resulting  mairimum  moments  that  could 
be  applied  to  the  two  prototype  beams,  determined  by  cme-half  the  maximum  ram  capacity  times 
the  shear  span,  were  6.3  and  10.8  millicm  inch-pounds,  respectively.  Beam  cross-sections  for 
the  two  lengths  were  checked  against  these  limiting  values  during  design. 

The  dynamic  edacity  of  each  beam  was  determined  by  scaling  the  duration  of 
the  load  pulse  by  the  geometric  scale  factOT  (e.g.,  0.45x25  msec  for  the  9-foot-clear  span  and 
0.3x40  msec  for  the  IS-foot-clear  span)  in  the  design  procedure  analysis.  It  should  be 
emphasized  that  these  were  not  "scaled  expoiments"  in  a  precise  definitum  of  the  term.  The 
beams  were  to  be  fabricated  using  ccaiventional  materials  to  avoid  the  complexities  and  cost  of 
scaling  the  physical  properties.  For  exan^le,  the  size  and  properties  of  the  concrete  slab  and 
confining  reinforcement  (bar  size  and  spacing)  were  representative  of  a  full  size  beam  as  opposed 
to  a  scaled  model. 

It  was  found  that  both  prototype  beam  designs  could  use  the  same  cross-section, 
thus,  sinplifying  the  design  and  falxication  of  the  test  articles.  Figures  43a  and  43b  show 
elevation  and  plan  views  of  the  two  beams,  which  have  the  cross  sectitxi  depicted  in  Figure  43c. 
This  cross-section  has  a  predicted  ultimate  moment  capacity  of  3.6  million  inch-pounds,  with  a 
ductility  factor  of  9  and  support  rotation  of  4°  for  the  shorter  beam,  while  the  longer  beam  had  a 
ductility  factor  of  5.5  and  support  rotation  of  4**.  The  resulting  predicted  ultimate  loads  for  the 
two  point  load  configuration  were  172  kips  and  101  kips,  respectively,  for  the  lO-feet  and  16- 
feet-long  beams,  both  well  within  the  capacity  of  the  150-ton  ram  and  load  frame. 
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SECTION  A-A 


b.  10  Foot  Beam. 


Figure  43.  Fabrication  Details  for  Prototype  Beams.  (Continued) 
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11.50 

section  cs-ca 


SECTION  Da-D8 


N0TCS<  1)  Uf*  C7axx  law-hycli-ogm  •l»etro<l»s. 

2)  U(*  *572  CR50  o>*  rquiv.  strength  tor  aU  Flanges,  wriat.  one  stiFFaners. 

3>  Shear  connectors  ore  l/2'*3-l/8'  Nelson  Studs. 

4)  Use  S3  CRM  retoar  For  longituoSnat  Oars,  stirrups  and  hooosi  bends  are  1-1/2*  cSon. 

3>  Concrete  sncll  be  4000  psi  conpressive  strength  eith  noHinun  eoter'Ctnent  ratio  of  0.44. 


c.  Cross  Sections. 


Hguie  43.  Fabrication  Details  for  Prototype  Beam.  (Concluded) 


The  associated  design  details,  including  the  number  and  layout  of  shear 
connectors,  size  of  bearing  stiffeners,  and  size  of  welds  were  determined  using  standard  design 
procedures  contained  in  References  45,  50,  and  71,  and  summarized  in  Section  3.C.3.  Design  of 
the  leinfOTcing  to  provide  confinement  of  the  concrete  slab  was  done  according  to  the  procedure 
described  in  Section  5.  Qosely  spaced  hoops  and  stirrups  were  placed  in  the  constant  moment 
section,  as  shown  in  Figures  43  and  44.  Outside  of  this  section  the  spacing  of  confining  rebar 
was  increased  to  conveniently  fit  with  the  shear  connectors  (3  to  3.5  inches)  for  a  distance  of 
about  onc-and-a-half  beam  depths,  beyond  which  only  nominal  reinforcing  was  used-  The  shear 
connectors  were  placed  only  in  the  shear  span  between  the  load  points  and  end  suppoits.  The 
short  beam  had  a  3  x  14  (42  total)  pattern  while  the  longer  beam  had  a  2  x  20  pattern  (40  total). 
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Fabrication  was  achieved  by  two  different  fabricatcna.  The  mediod  of 
construction  was  generally  not  constrained  except  the  ^>ecification  of  final  product. 
Falxicating  procedures  were  goterally  typical  and  essentially  left  up  to  th^  two  fabricators.  The 
steel  plate  girder  secti(Xt  was  fabricated  first  tty  a  local  steel  fabricate.  The  web  and  flange 
plates  were  cut  and  welded  to  fixm  the  steel  girder.  Nelson  studs  were  welded  to  the  top 
flange  in  accordance  with  the  design  specifications.  The  suel  fabricatOT  also  cut  and  bent  the 
leinfnicing  steel  that  would  be  placed  in  the  ccmcrete  slab. 

After  the  steel  girder  sections  were  coixgjlete,  they  were  moved  to  the  second 
contractor  shop  building  where  the  strain  gages  woe  allied  and  concrete  slab  placed.  The 
strain  gaging  used  standard  procedures  for  preparation  of  the  metal  surfaces  and  gage  bonding. 
Strain  gages  woe  applied  to  fiat  milled  surfaces  on  the  rebars.  Protective  layers  were  then 
applied  to  waterproof  the  gages  and  resist  abrasion  during  subsequent  concrete  work.  Strain 
gaging  the  top  surface  of  the  concrete  was  done  after  qiproximately  21  days  of  cure.  The 
concrete  surface  at  each  gage  location  was  first  prepared  by  applying  a  layer  of  epoxy  cement 
which  was  then  finished  to  a  smooth,  hard  surface. 


Figure  44.  Prototype  Beams  During  Assembly  of  Reinforcing 
Cages  and  Concrete  Placement.  (Continued) 


104 


Rgure  44.  Prototype  Beams  During  Assembly  of  Reinforcing 
Cages  and  Concrete  Placement.  (Concluded) 
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After  the  strain  gages  had  been  tilled,  die  steel  reinfoscing  cages  were 
assembled  and  tied.  As  die  cag»  were  constructed,  the  strain  gaged  pieces  were  placed  at  the 
appropriate  locadons  for  each  beam  design.  After  the  ca^s  were  tied  and  placed  among  the 
studs,  die  alignment  and  placement  was  inflected  for  confoimance  with  the  qiecifications.  The 
beams  were  carefully  leveled  and  die  sides  of  the  slab  pordons  were  foxmed  with  wood  farms, 
xhe  ready-mix  cooaxxt  widi  mix  propades  £pven  m  Table  IS  was  placed  and  cmisbddated  using 
a  vibrauar,  then  trowel  fuusbed.  Standard  cylinders  (6  inch  diameter  x  12  indi  tall)  were  made 
for  testing  at  7.  14,  21,  and  28  days.  The  slabs  and  cylinders  were  covered  with  plastic  and 
moist-cuied  for  a  period  of  28  days  at  die  falnicatm’  shop.  The  photograph  in  Hgure  44  shows 
one  of  the  16  foot  beams  on  the  left  and  a  10-foot  beam  on  the  right  as  the  reinforcing  cages 
were  being  assembled.  The  shear  studs  ate  visible  as  rows  of  pegs  with  heads  attached  to  the  top 
surface  of  the  steel  girders.  Figure  44  also  shows  the  concrete  being  constdidated  with  a  vibrator 
as  it  is  placed  in  a  10-foot  beam.  Strain  gage  lead  wires  are  visible  coming  out  of  the  top  surface 
of  the  slabs.  In  the  background,  the  two  16-foot  beams  aheady  have  concrete  in  place. 


TABLE  15.  CONCRETE  MIX  PROPORTIONS 


Portland  Cement  Qb) 

828 

Flyash  (lb) 

255 

Sand  Ob) 

2492 

Gravel  (lb) 

3812 

Air(oz) 

3 

Water  Reducer  (oz) 

32 

Water  (gal) 

35 

3.  InstrumentatiOT  of  Test  Beams 

Instrumentadcm  consisted  of  strain  gages  attached  to  the  test  beams,  displacement 
gages  mounted  at  points  under  the  beam,  a  di^lacement  gage  to  measure  ram  travel  and  a  load 
cell  under  the  hydraulic  loading  ram.  Uniaxial  strain  gages  were  placed  at  seven  levels 
throughout  the  depth  o'  the  beam  (Figure  45).  Specifically,  gages  were  placed  (1)  on  the  top  of 
the  concrete  slab,  (2)  on  a  longitudinal  bar  in  the  concrete  approximately  1.25  inches  from  the 
top  surface,  (3)  on  a  hoop  bar  at  mid  hei^^t  in  the  slab,  (4)  on  the  top  surface  of  the  girder 
flange,  (5)  &  (6)  on  the  ride  of  the  web  plate  1.5  inches  below  the  top  and  above  the  bottom 
flanges,  and  (7)  on  the  bottom  surface  of  the  girder  flange,  as  shown  in  detail  in  Figure  46. 
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Level  7 


Hgure  45.  Sketch  of  Nomenclature  for  Strain  Gage  Levels. 
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Gages  1,  2,  and  4  thrmig^  7  were  oriented  paralld  with  dre  kmg  axis  of  the  beam 
while  gage  S  was  oriented  vertically  on  the  hoop  bar.  Fcv  replication  and  backup  purposes, 
gages  were  placed  dcHitdy  symmetric  about  die  beam  length  and  width  centerlines.  Thus,  a  total 
of  28  strain  gages  were  attached  to  each  beam.  This  duplication  penmoed  accounting  for 
imperfecriaas  or  nonsynometiy  aE  the  beam  or  loading  and  also  served  as  a  backtqi  in  case  of 
gage  Mutes  during  MdottiCHi  or  testing.  Due  to  the  irregular  finish  resulting  fiom  bringing  the 
gage  wires  out  the  of  the  slab,  the  locadcxi  of  the  strain  gages  m  the  riab  surface  were 
adjusted  as  ^own  m  Hgure.47. 


cm  Originol  location  of  stroln 
gage  on  slab  surface. 

IB  Modified  location  due  to 
uneven  surface. 


Hgure  47.  Modified  Level  1  (Top  of  Slab)  Strain  Gage  Locadons. 

Prior  to  testing,  deflection  gages  were  placed  at  five  locadotis  along  the  length  of 
each  beam.  These  locations,  shown  in  Rgure  48,  include  the  beam  centerline,  load  points,  and 
midway  between  the  load  points  and  reactions.  At  tnidspan,  two  gages  were  used  to  measure 
any  twist  of  the  beam.  The  redundancy  and  symmetry  of  the  deflection  gage  placement 
accounted  fcx  nonsymmetric  loading  or  response. 
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. . — "ssr 

D1  D3  D4  Da 

D1  fic  D2  —  midway  between  load  point  Sc  support 
D3  (Si  04  —  at  ioodpoints 
05  Si  06  —  midspan 
07  —  ram  displacement 

01  thru  04  —  centered  under  beom 
05  Si  06  -  on  both  sides  of  beam 


Hgure  48.  Locations  of  Displacetbcnt  Monitoring  Gages. 

The  deflcctiOT  gages  were  placed  as  previously  described  and  linked  to  the  data 
acquisition  system.  The  strain  gage  wires  were  similarly  linked  to  diis  interface.  The  entin; 
system  was  checked  for  continuity,  including  the  interface  with  the  load  ceil  and  ram 
displacement  gage.  The  ouq)ut  finom  the  cell  and  midspan  deflection  gages  were  connected 
to  an  analog  plotter  to  provide  a  real-time  plot  of  the  load-deflection  response.  Video  and  still 
photography  were  used  for  additional  test  documentation.  The  video  camera  faced  one  side  of 
the  beam  and  included  digital  ouq)ut  of  the  load  cell  and  ram  displacement  prominently  in  view. 
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C  DISCUSSION  OF  RESULTS 


1.  Description  of  Tests 

During  the  period  of  concrete  curing,  concrete  cylinders  were  broken  after  7,  14. 
21,  and  28  days.  On  each  of  these  days,  three  cylinders  were  selected  at  randcnn  fiom  those 
available  and  tested  to  ccanpr^ve  failure  at  die  WES  CTD  laboratory.  The  results  of  diese 
three  tests  were  averaged  to  estuaate  the  progress  of  strength  gain  of  the  concrete.  The  results 
of  these  tests  are  jnesented  in  Talde  16  and  Hguie  49.  As  seen  in  dus  figure,  the  concrete 
steadily  gained  strength  and  reached  the  prescribed  strength  in  28  days.  These  results  indkated 
that  the  tests  could  proceed  at  anydxne  after  the  nanmurm  imposed  2S  days.  In  addition, 
cylinders  were  bn^cen  cm  each  beam  test  day  to  determine  the  r^propriate  concrete  strength  for 
compaiiscHi  with  the  design  value  in  hindcast  analysis  of  the  test  results. 


Bguic  49.  Concrete  Cylinder  Strength  On  Each  Day  Of  Testing. 
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TABLE  16.  SUMMARY  OF  a>NaiETECnJNDER  STRENGTHS 


AGE 

(DAYS) 

luSHIH 

ISSSIHBl 

AVERAGE 

(PSD 

7 

2950 

3130 

3016 

14 

3540 

3240 

3320 

21 

3400 

3640 

3730 

3590 

28 

4030 

4070 

4050 

4050 

66 

4560 

4830 

na 

4695 

Beaiiil6A 

68 

5020 

5160 

na 

5090 

BeamlOB 

70 

5200 

5340 

na 

5270 

Beam  10 A 

74 

5480 

5130 

5250 

5290 

BeamlOB 

The  four  beams  ard  remaining  cylinders  were  transported  to  the  laboratory  after 
the  concrete  had  cured  about  21  days.  Delays  in  installation  of  the  new  test  system  at  the  WES 
laboratory  delayed  the  first  beam  test  to  day  66  after  the  concrete  was  placed.  The  first  beam 
tested.  Beam  16A,  was  set  up  and  inspected  two  days  prior  to  the  test  The  general  arrangement 
of  the  test  setup  is  dqncted  in  the  pictures  in  Figure  SC  of  Beam  lOA.  The  force  from  the  ram 
was  distributed  through  the  s^preader  beam  to  the  slab  surface  by  1.5~inch-diameter  steel  bars 
and  bearing  plates  (Figure  50  top  shows  the  ram  in  the  top  middle  of  the  photo  in  contact  with 
the  spreader  beam;  the  spreader  beam  in  turn  is  resting  on  the  two  round  bars  in  contact  with  the 
top  surface  of  the  test  beam  slab).  The  beam  ends  reacted  through  similar  rollers  to  beams 
resting  on  the  floor,  as  shown  in  Figure  50  bottom.  Spacer  plates  were  inserted  as  required  to 
provide  additional  clearance  between  the  spreader  beam  and  the  test  article,  and  between  the 
beam  and  the  floor. 

The  maximum  ram  travel  of  under  six  inches  was  less  than  the  anticipated  beam 
deflection.  Therefore,  an  unloading^loading  cycle  was  also  included  in  the  loading  program  to 
permit  placement  of  spacers  between  the  ram  and  the  spreader  beam.  After  the  spacers  were  in 
place,  the  beam  was  reloaded  for  continued  tesdng. 


112 


Figure  50.  Pretest  Photograph  of  Beam  lOA  Showing  Spreader  Beam, 
Load  Points  and  Roller  Supports. 
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Beam  16A  was  tested  first  Subsequent  tests  of  beams  lOB,  lOA,  16B  were 
conducted  on  two-day  intervals  to  allow  beam  removal  and  setup  and  quick-look  analyses  of  the 
previous  test  results.  Lessons  learned  from  each  test  were  used  to  improve  the  testing  procedure 
for  subsequent  tests.  For  example,  the  gunbaled  end  support  used  to  allow  some  rotational 
fiteedom  about  the  longitudinal  axis  was  severely  deformed  after  the  test  on  Beam  lOB  Cligare 
51).  This  support  was  replaced  in  subsequent  tests  with  a  roller  and  plate.  The  first  two  tests 
(16A  and  lOB)  were  terminated  when  the  beam  bottom  flange  reached  the  concrete  blocks  that 
were  used  to  protect  the  displacement  gages  underneath  the  beam  (Figure  52).  The  second  two 
tests  (lOA  and  16B)  were  tempmarily  stopped  at  this  point  and  the  blocks  and  displacement 
gages  were  removed.  The  test  was  resumed  and  continued  until  the  beam  reached  the  floor  or 
the  ends  of  the  spreader  beam  contacted  the  test  article. 


Figure  5 1 .  Gimbaled  Support  Condition  After  Test  Showing 

Yielded  Roller  and  Bottom  Range. 


Figure  52.  Beam  16A  at  0}nclusioa  of  Test  Showing  Spalled 

Concrete  Layer  and  Pennanent  Deformation. 

2.  Overall  Performance 

The  results  of  the  four  prototype  beam  tests  were  encouraging  from  a  number  of 
standpoints.  Erstly,  and  most  importantly,  the  overall  performance  of  the  test  specimens  met 
expectations  as  to  strength,  stiffness,  and  ductility.  Secondly,  the  test  procedures  and  execution 
proved  to  be  excellent  for  the  intended  purpose.  Very  few  problems  were  evidenced  during  the 
tests  and  each  was  of  a  generally  minenr  nature.  Testing  proceeded  essentially  as  planned  and 
data  acquisition  appeared  to  be  very  consistent  An  overall  appreciaticxi  of  the  test  results  can  be 
gained  &om  a  study  of  the  measured  load'deflection  relationships. 


a.  Beam  lOA 

The  load-defkctitm  results  fin*  test  beam  IQA  are  showo  in  Figure  S3.  Fiom  the 
initiation  of  loading  up  to  a  load  of  about  170  kips  the  beam  reqxmded  quite  lineaiiy.  At  diis 
load  gradual  sctftening  occurred  (hie  to  initiation  of  yield  of  the  steel  girder.  Betwemi  this  pcnnt 
and  just  over  200  laps,  the  sli^  softming  continoed  until  the  (xmcrete  above  the  (xxifining  steel 
spalled  relievmg  some  of  the  load  and  causing  the  "peak**  in  the  rei^nse.  In  die  plastic 
regimi  the  respcmse  reflects  progressive  yielding  of  the  confined  ctmciete  and  of  yielding  in  the 
steel  girder.  The  load  rises  only  gradually  in  diis  region  due  to  strain-hardening  of  the  girder 
steel  as  the  beam  curvature  and  strains  increase.  At  a  deflecdon  of  about  3.5  indies,  the  beam 
was  unloaded  to  permit  addition  of  placers  to  continue  the  test  The  unloadingAeloading 
segments  are  rdadvdy  linear  and  the  generally  plastic  response  continued  when  die  load  and 
deflecdon  returned  to  the  unloading  point  The  test  was  paused  at  about  5.5  inches  of  deflection 
(not  unloadedAeloaded  as  befixe)  vriiile  die  deflection  gages  beneath  the  beam  were  removed  to 
allow  continued  deflecdon  (indicated  on  the  curve  by  a  downward  spike).  Since  the  deflection 
gages  were  removed,  the  last  porti<m  of  the  load-deflecdon  curve  was  obtained  by  «ctnq>olaiing 
the  ram  travel  data.  The  test  continued  until  the  space  between  the  qneader  beam  and  the  test 
article  was  exhausted  (displacement  s  6  inches).  This  last  segment  indicated  a  slight  increase  in 
load  followed  by  an  equal  decrease  in  die  load  over  the  final  0  J  in  of  defiecdoa 
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b.  Beam  lOB 


Hie  xespcmse  of  Beam  lOB,  shown  in  Hgiue  54,  was  very  similar  to  Beam  lOA. 
The  linear  and  initial  softening  regions  are  essentially  the  same  as  for  lOA.  The  straight  portion 
of  the  resptmse  betwem  about  1  inch  and  2  inches  deflection  reflects  a  problem  that  occurred 
widi  the  hydraulic  Systran  at  Ais  critical  stage  of  the  test  Just  before  the  top  layer  of  ccmctete 
began  to  crush,  the  hydraulic  Systran  appeared  to  have  reachral  maxintiim  edacity  and  the  k>ad 
became  constant  Meanwhfle,  die  craitroller  program  cootinued  to  run,  accumulating 
approximatdy  1  indi  of  discrqpancy  betwerai  the  actual  and  rate  cemtroUed  deflections.  After  a 
check  of  the  hydraulic  system  by  the  WES  and  MTS  technictiin.^  the  problem  was  found  to  be  a 
closed  valve  f<»  developing  hig^  pressure  at  die  pun^.  The  valve  was  qiraied  very  stowly,  but 
unfortunatdy  the  accumulated  error  caused  a  significant  jursp  in  the  applied  load  and  deflection. 
This  problem  did  not  occur  in  the  first  test  Beam  16A,  due  to  the  lower  load  edacity  of  the 
longer  beam.  Loading  craitinued  normally  after  this  point  up  to  unloading  and  reloading  at  about 
3.5  inches  to  accommodate  ram  extensitm.  The  test  was  terminated  at  about  5  inches  of 
displacement  due  tiie  lack  of  space  between  the  craicrete  blocks  on  the  floor  and  tiie  beam. 


BEAM  XOB 


Figure  54.  Load-Deflection  Plots  for  Beam  lOB. 
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c.  Beam  16A 

The  test  lesiilts  for  beam  16A,  shown  in  Hgoie  55,  tni|iratf»  the  same  gexieial 
regitms  of  le^xHtse.  ie.,  linear,  sttftening/cnishing,  and  imloaHingi^inaHiwg  as 

previottdy  described.  Naturally,  for  die  longer  beams,  the  loads  ate  less  and  the  deflections 
greater  than  the  shorter  10>foot  beams.  The  crushing  oi  the  ctaicrete  above  the  confining  sted 
occuned  more  abn^tly  in  this  test  than  in  the  others  and  occurred  in  two  distinct  stages  between 
about  2  to  3  inches  of  deflecdoo.  After  the  unload/reload  cyde,  inariing  continued  to  about  7.5 
inches,  where  the  test  was  terminated  doe  to  lack  of  rattle  qiace  between  the  beam  and  the  floor. 


BEAM  16A 


Rguic  55.  Load  Deflection  Plots  for  Beams  16A. 
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d.  Beam  IfiB 


The  lesults  of  the  final  beam  test  (1€B)  are  shown  in  Hguxe  56.  Compared  to  die 
previous  tests,  this  test  produced  probaUy  die  most  reliable  and  useful  data.  The 
oushing/sofiemng  behavior  was  less  pronounced  in  this  test,  probaUy  doe  to  stnnewhat  less 
ccmcrete  fiuling  outside  the  confined  regioa.  This  test  was  set  up  with  more  qiace  betvreen  the 
beam  and  floor  to  permit  testing  further  into  the  plastic  range.  As  a  result,  die  beam  was 
unloaded  twice,  as  shown,  to  permit  addidcm  of  spacers  at  tlni  ram.  Reloading  ocmsistaidy 
returned  to  d»  original  respoose  at  unloading  and  continued  ^astically.  The  test  was  terminamd 
at  about  12  inches  of  defiectkm  due  to  interference  between  the  beam  and  the  ccmcrete  floor. 
Even  at  this  large  deflecdon,  die  beam  was  ctmdnuing  to  accqit  load.  Hgure  S7  shows  the  beam 
after  the  termination  of  the  test  with  iQiproximatdy  11  inches  of  permanent  deflection  at 
midspaa 


BEAM  16B 


Hgure  56.  Load  Deflection  Plots  for  Beams  16B. 
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Figure  57.  Beam  16B  At  Conclusion  of  Test  with  1 1  Inches  of  Petmanent  DcflectitMi. 

3.  Response  Comparisons 

All  four  of  the  test  specimens  exhibited  considerable  ductility,  far  beyond  what 
might  be  expected  for  beams  without  significant  confining  steel  in  the  concrete.  Table  17 
summarizes  the  measured  maximum  midspan  deflections,  computed  ductilities,  and  support 
rotations  for  each  test  It  is  important  to  note  that  none  of  the  tests  were  stopped  due  to 
iinminent  or  actual  failure,  but  rather  due  to  the  loss  of  rattle  space  between  the  beam  and  the 
floor  or  spreader  beam.  One  cannot  say  fiom  these  results  how  much  more  ductility  could  have 
been  achieved  from  these  beams,  cmly  that  the  measured  ductility  was  considerable  at  test 
termination. 
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TABUE 17.  MEASURED  DUCHUTY  AND  SUPPORT  ROTATIONS 
FOR  PROTOTYPE  BEAMS 


Beam 

5y 

Ela^c 

Ddlection 

(inches) 

5u 

Maximum 

Ddlectitm 

finches) 

Ductility 

Support 

Rotaticm 

(degrees) 

leA 

0.42 

6.2 

14.8 

6.5 

lOB 

0.42 

5.5 

5.8 

16A 

1.1 

8.5 

7.7 

5.4 

16B 

1.1 

12.0 

10.9 

7.6 

The  goals  of  the  test  progtatn  were  to  pxovide  (1)  a  proof-of-ctmcept  for  the 
confined  concrete-steel  composite  beam  and  (2)  provide  a  baseline  to  measure  the  accuracy  and 
appropriateness  of  the  analytical  niodels  and  methods  of  tins  ^oric.  As  shown,  the  test  results 
indicate  that  the  first  goal  was  adequately  nwt  The  second  goal  was  assessed  by  comparing  the 
test  results  with  analytical  predictions.  The  ccHi^)aiison  of  results  for  the  two  10-foot  and  two 
16-foot  test  beams  with  analytical  predictions  are  discussed  next 

a.  Beams  lOA  and  lOB 

The  overall  response  for  the  10-foot  beams  are  compared  with  the  analytical 
piedicticHis  in  Hguie  58.  This  figure  plots  the  load  deflection  results  for  both  tests  with  the 
predictions  fiom  ADINA  and  the  sinqilified  design  procedure.  The  ADINA  posttest  analysis  and 
sin^lified  procedure  results  were  based  on  the  concrete  and  steel  material  properties  as  measured 
fiom  concrete  cylinders  and  steel  coupons.  As  seen  in  the  figure,  the  ADINA  results  conq^are 
extremely  well  with  the  test  results.  ADINA  docs  not  predict  the  peak  just  before  the  concrete 
crushes,  rather  the  smeared  concrete  model  used  in  the  mlysis  predicts  a  smoother  transition 
fix>m  the  linear  to  relatively  plastic  response  regions.  Also,  there  was  no  attempt  to  reproduce 
the  unloading/tcloading  cycle  required  by  the  test  procedure  in  the  ADINA  analysis.  The 
comparison  clearly  shows  the  capability  of  the  finite  clement  analysis  to  very  reasonably  predict 
the  overall  response  of  the  beams.  The  simplified  procedure  predicted  reasonable,  though 


121 


slightly  conservative,  values  for  the  stifihess  and  ultimate  resistance  of  the  beams.  The  sinq>lified 
predicticHi  is  shown  for  a  design  ductility  of  6,  and  clearly  indicates  the  much  higher  ductility 
achieved  by  the  test  articles.  These  compaiiscms  provide  a  large  measure  of  confidence  in  both 
prediction  methods,  lire  maximuin  ductility  factor  utiliaed  in  the  simplified  procedure  could 
easily  be  increased. 


Figure  58.  Load-Deflection  Curves  for  10-Foot  Prototype  Beams 
with  Design  Procedure  and  ADINA  Predictions. 

b.  Beams  16A  and  16B 

A  similar  comparison  of  test  results  and  analytical  predictions  for  the  16-foot 
beams  is  shown  in  Figure  59.  This  comparison  also  indicates  the  excellent  capabilities  of  the 
analytical  methods  to  predict  the  overall  response.  In  fact,  the  most  striking  difference  in  results 
is  the  difference  in  ultimate  resistance  of  the  rwo  test  articles,  i.e.,  the  ultimate  resistance  for  test 
Beam  16B  was  approximately  10-12  percent  higher  than  beam  16A.  From  posttesi  observations 
of  the  test  articles,  it  appeared  that  Beam  16B  had  a  slightly  larger  area  of  confined  concrete  than 
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Beam  16A.  This  ctxtdusion  was  based  on  the  different  behavior  and  ^pearance  of  the  scabbed- 
aS  layer  of  concrete  outside  the  zeinfoKcing  cage.  Beams  lOA,  lOB,  and  16A  devel(^)ed  cracks 
in  the  outer  l^er  near  die  load  points  du\t  peeled-off  intact  pieces  of  OTnczete  (Figure  60).  In 
contrast,  die  otterior  concrete  from  Beam  16B  did  not  have  any  large,  intact  pieces  (Hgure  61). 
The  resulting  diinner  shell  of  unomfined  concrete  also  reduced  the  abrupt  drop  in  peak  load 
characteristic  of  the  other  beams.  In  ^ite  of  this  variabili^  between  the  results  from  the  two  16 
foot  beams,  the  ADINA  analysis  did  an  excellent  job  of  laedicting  the  overall  response.  The 
amplified  procedure  also  jmxiuced  a  very  reasonable,  sli^y  ctxiservative  static  resistance 
fiinctitxL  As  previously  seen  for  die  10-foot  prototype,  the  maximum  ductility  factor  utilized  in 
the  design  procedure  was  very  conservative. 


Figure  59.  Load-Deflection  Curves  for  16-Foot  Prototype  Beams 
with  Design  Procedure  and  ADINA  Predictions. 
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Figure  61 .  Confined  Concrete  Core  widi  Thin  Layer 

of  Spalled  Ccmcrcre  -  Beam  16B. 

4.  Strain  Gage  Results 

Data  from  the  strain  gages  arc  contained  in  Appendix  B  and  discussed  briefly 
here.  Hrst,  the  gage  numbering  is  reviewed,  and  units  of  measurement  and  sign  convention  are 
explained.  Then,  some  observations  regarding  the  strain  measurements  are  presented.  Hnally, 
analysis  of  the  strain  gage  data  is  presented  in  the  form  of  moment*curvaturc  relationships  for  the 
test  beams  as  compared  to  the  behavior  predicted  by  ADINA. 

The  location  and  numbering  of  gages  were  described  earlier  in  Section  6.B.3  and 
shown  in  Hgure  46.  The  gages  were  configured  and  numbered  in  four  groups  of  seven.  Table 
18  summarizes  the  gage  locations  and  numbers.  Gages  were  oriented  to  measure  strains  in  the 
longitudinal  direction,  except  Level  3,  which  measured  the  strain  in  hoop  reinforcement  in  the 
vertical  direction.  Level  1  gages  deviated  from  the  pattern  used  for  the  other  levels,  as  explained 
earlier.  These  gages  were  positioned  on  the  longitudinal  centerline  of  the  beam  6  inches  either 
side  of  the  line  of  load  application;  gages  1  and  22  were  outside  the  loads  and  gages  8  and  15 
were  inside  the  constant  moment  section,  as  shown  previously  in  Figure  47. 


125 


TABLE  18.  LCXATION  AND  NUMBERING  OF  STRAIN  GAGES 


Location 

Levd 

Gaee  Numbers 

Top  of  Concrete  Slab 

Level  1 

_ 

1 

15 

22 

Concrete,  1.25  inches  from  top 

Level  2 

9 

■ 

16 

23 

Mid  hdght  of  slab  (vertical) 

Level  3 

9 

1 

17 

24 

Top  surface  of  upper  flange 

Level  4 

9 

■ 

18 

25 

Web,  1.5  in.  fiom  top 

Levels 

9 

■ 

19 

26 

Web,  1.5  in.  from  bottom 

Level  6 

■ 

13 

20 

27 

Bottom  surface  of  lower  flange 

Level? 

9 

■ 

21 

28 

On  Beam  16B,  the  Level  1  gages  were  not  used  Instead,  these  four  channels 
were  used  for  tour  additional  strain  gages  cm  the  steel  girder  web  and  bottom  flange  to  in^rove 
the  predicdon  of  strain  distiibudon.  Gages  1  and  IS  supplemented  the  gages  on  Levels  S  and  6, 
respecdvely.  Gage  8  was  located  in  the  center  of  the  web,  and  gage  22  was  posidoned  on  the 
top  surface  of  the  lower  flange  (Figure  62). 


Figure  62.  Location  of  AuxUliaiy  Strain  Gages  on  Beam  16B. 


Tensile  strains  were  negative  values  and  ccmversely,  ccanpressive  strains  were 
positive.  Units  of  measurement  were  micro  strains,  equal  to  lO"^  in^i.  For  cxanqjle,  the  yield 
point  in  tension  for  50-ksi  steel  corresponds  to  approximately  -1700  micro  strains  (-0.17%). 

(jeneially.  the  strain  gage  results  were  in  good  agreement  with  the  overall 
response  of  the  beams.  For  example,  at  the  peak  load  prior  to  crushing  of  the  concrete,  ultimate 
con^ressive  strains  at  tiw  concrete  surface,  measured  by  gages  8  and  IS,  were  about  3000  micro 
strains  (0.(X)3).  The  beginning  of  nonlinear  load-deflection  behavior  corresponds  to  onset  of 
yield  strains  in  the  lower  flange.  Maximum  kxigitudinal  strains  in  the  slab,  measured  by  Level  2 
gages,  indicated  concrete  strains  in  excess  of  10,000  micro  strains  (1%),  which  agrees  with  the 
confined  concrete  model  prediction. 

Unfortunately,  the  strain  gages  on  the  ctnifining  reinfatcement  (Level  3) 
performed  poorly  and  evidenced  a  high  gage  failure  rate.  Although  the  reason  for  this  failure  is 
not  known,  it  was  observed  that  cxily  two  Level  3  gages  performed  as  expected  (Beam  lOA, 
gages  24  and  10),  indicating  strains  that  approached  or  exceeded  yield  of  the  stirrups.  The  hoops 
containing  these  two  gages  were  oriented  such  that  the  gages  were  towards  the  middle  of  the 
slab  rather  than  towards  the  edge  of  the  slab  as  were  all  the  rest  One  plausible  explanation  for 
the  survival  of  these  gages  is  that  the  lateral  expansion  of  the  concrete  towards  the  edges  of  the 
slab  squeezed  the  protective  tape  which  was  adhered  to  the  gages  and  lead  wires. 

The  strain  gage  <^ata  was  usenii  in  analyzing  the  moment-curvature  behavior  of 
the  beams.  Moment  is  the  product  of  the  load  times  the  distance  between  load  and  support 
locations.  Curvature  is  determined  by  the  strain  distribution  in  the  cross-section,  and  is  defined 
as  the  quotient  of  strain  divided  by  distance  from  the  neutral  axis.  The  moment-curvature 
relationship  is  somewhat  analogous  to  the  stress-strain  response  of  a  material  in  that  the  external 
load  (stress/moment)  is  plotted  as  a  function  of  the  internal  deformation  (strain/curvature).  A 
britue  materiaVmember  has  little  or  no  postpeak  response,  whereas  a  ductile  material/member 
evidences  some  form  of  plastic  load  resistance. 

Curvatures  were  computed  from  the  measured  strains  by  fitting  a  straight  line 
(yssax+b)  to  the  data  from  Levels  2, 4,  5,  6,  and  7.  This  line  estimates  a  linear  strain  distribution 
in  the  beam.  The  coefficient  "a"  representing  the  line  slope  corresponds  to  the  curvature.  Strain 
values  from  the  four  gages  on  each  level  were  typically  averaged  together  to  obtain  a  single  value 
for  the  strain.  Since  many  of  the  gages  produced  erratic  data  as  the  tests  progressed,  it  was 
necessary  to  disregard  some  measurements.  Figure  63  depicts  a  representative  result  for  the 
strains  in  Beam  lOA  at  1/2-inch  midspan  deflection.  The  figure  plots  strain  versus  distance  from 
the  bottom  of  the  beam.  The  average  strain  values  appear  as  "x,"  and  the  line  which  best  fits  this 
data  is  plotted  through  the  points.  Where  this  line  passes  through  zero  strain  marks  the  location 
of  the  neutral  axis,  in  this  case  approximately  6.5  inches  from  ihc  bottom  surface  of  the  beam. 
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The  curvarurc  is  determined  by  dividing  the  strain  in  the  lower  flange,  -2000  micro  strains,  by  the 
distance  to  the  neutral  axis,  giving  a  curvature  of  about  300  micro  strains/inch. 


Figure  63.  Measured  Strain  Distribution  in  Beam  lOA 
at  1/2-Inch  Midspan  Deflection, 

Repeating  this  strain/curvature  analysis  at  frequent  intervals  of  displacement  leads 
to  the  moment-curvature  plot  for  the  beam  response  shown  in  Figure  64.  A  similar  calculation 
from  the  ADINA  strain  results  is  shown  as  a  continuous  curve  in  the  figure.  The  ADINA 
moment-curvature  plot  has  a  more  gradual  softening  behavior,  but  is  otherwise  in  very  good 
agreement  with  the  experimental  results.  Similar  plots  for  the  other  test  beams  are  shown  in  the 
continuation  of  Figure  64.  In  each  case,  the  experimental  and  analytical  results  show  excellent 
agrecmenL 
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(Concluded) 


5. 


Oxtfined  Coaciete  Slab 


As  picviottdy  discussed,  the  overall  perfonnance  of  the  {uototype  beams  was 
more  than  satisfimtory.  This  was  in  large  part  due  to  the  very  ductile  behavior  of  the  confuted 
concrete  slab.  A  ctmventitMial  steel-composite  beam  (i.e.,  without  cmifining  xeinfoidng)  would 
have  eti^terienced  a  sigmficant  loss  in  load  capacity  following  the  initial  load  peak.  It  would  still 
have  a  significant  anxtunt  of  ductili^  due  to  the  long-yield  plateau  of  the  steel  guder,  but  at  a 
reduced  load  ccmresponding  to  the  plastic  moment  oqtacity  of  the  steel  girder  only. 

Strain  gages  embedded  in  the  concrete  slab  indicated  that  maximum  strains  of  1 .5 
to  2.0%  were  achieved  (see  Level  2  suain  gage  histories  in  Appendix  B).  Based  on  {diysi^ 
measurements  of  the  final  dimensions  of  the  beams,  the  slab  between  load  points  shortened  by 
4.2%,  3.4%,  2.3%,  and  2.4%  for  Beams  lOA,  lOB,  16A,  and  16B,  respectively.  This  represents 
an  order  of  magninide  increase  in  the  amount  of  strain  possible  with  unconfined  concrete.  An 
appreciable  increase  in  the  concrete  strength  probably  occurred,  though  direct  measurements 
could  not  be  made.  The  strength  gain  was  infoied  by  the  good  agreement  between  predicted 
and  measured  load  capacities. 

Beam  lOA  was  the  only  beam  that  experienced  a  drop  in  load  resistance  very  near 
the  «id  of  the  test.  An  examination  of  the  beam  after  the  test  revealed  that  one  of  the  top  comer 
Itxigitudinal  rebar  was  buckled  outward.  As  shown  in  Hgure  65,  the  spacing  between  the 
perimeta-  hoops  at  this  locati(»  was  not  uniform  as  designed,  ctxisequently  the  buckled  bar  bad 
an  unsupported  length  of  about  3  inches  ratho'  than  the  2-inch  nominal  spacing.  When  the  bar 
buckled,  this  resulted  in  a  loss  of  confinement  and  local  crushing  of  the  concrete  within  the 
confined  core.  Even  so,  the  overall  beam  response  was  barely  affected,  with  a  drop  in  load  of 
tpproximatdy  0.5%,  and  the  experiment  was  terminated  because  of  interference  between  the 
spreader  beam  and  test  beam  rather  than  imminent  "failure"  of  the  test  beam. 
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SECTION  7.  SUMMARY,  CONO^USIONS  AND  RECOMMENDATIONS 


A.  SUMMARY 

A  design  procedure  fin*  design  of  biast-iesistant  roof  beams  of  a  modular  prcxective 
structure  was  devekqyed.  This  |»ocedure  incorporates  current  m^hods  and  tecommradatitms 
for  blast*resistant  design  in  a  relatively  simple  fmm  to  penmt  rapid  analysis  of  candidate 
concepts.  This  |»ocedure  was  ipplied  to  evaluate  diSsrent  structural  concepts  for  roof  bwnrw 
for  two  shelter  sizes  for  a  typical  threat  level 

In  all  five  dififerent  roof  beam  element  accepts  were  evaluated: 

1.  Convendonally  reinfoKced  concrete. 

2.  Prestressed  (pretensiemed)  concrete. 

3.  Steel-concrete  composite  having  a  solid  concrete  top 
flange  integrally  connected  to  a  welded  plate  girder. 

4.  Ccmcrete  beams  reinforced  externally  \  dth  carbon 
fiber  dieets. 

5.  Pultruded  fiberglass  beams. 

The  dynamic  design  procedure  utilizing  a  single-degree-of-fieedom  analysis  for  the  beam 
concepts  was  applied  to  determine  the  structural  efficiency  and  effectiveness  of  the  concepts  to 
blast  iiuluced  shock  loads.  In  addition  to  structural  effiaency,  other  evaluation  criteria  including 
cost,  constructability,  handling,  storage,  erection,  and  reiiabili^  were  used  to  select  the  most 
effective  of  the  five  concepts  considered. 

The  structural  response  predicted  by  the  simplified  procedure  compared  very  favorably  to 
that  of  a  more  sophisticated  finite  element  analysis.  This  favorable  comparison  verified  and 
added  confidence  in  the  sinplified  design  procedure. 

Based  on  the  results  of  the  concept  evaluaticm,  the  steel-concrete  composite  beam  was 
determined  to  be  the  most  promising.  A  test  program  was  designed  and  conducted  to  further 
validate  the  steel-concrete  composite  beam  concept.  The  prototype  beams  incorporated  special 
reinforcing  designed  to  confine  the  concrete  slab  and  greatly  enhance  its  ductility  and  ultimate 
strength.  The  results  of  these  tests  verified  that  the  design  procedure  accurately  predicts  the 
response  of  the  steel-confined  concrete  composite  beam.  The  enhanced  strength  and  ductility  of 
this  concept  will  permit  relatively  light-weight  beams  to  be  constructed  using  conventional 
concrete  and  steel  materials,  satisfying  the  desired  objectives  of  this  research  prograna. 
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B.  <X)NCLUSIONS 

•  The  sunplified  ilynamic  design  procedure  developed  herein  was  validated  for  use 
in  desiring  prefabricated  roof  elemoits  to  resist  air  blast  induced  shock  loadings. 

•  A  method  was  presented  that  can  be  used  to  predict  die  signifkant  strength 
enhancement  achieved  1^  using  confining  reinfoccement  for  concrete  slab 
dements. 

•  Of  the  five  ctmcepts  studied,  die  steel-composite  ck*»icrete  roof  beam  was  found 
to  be  the  most  efficient  and  effective  to  meet  the  Mast  and  shock  requbements  for 
this  program. 

•  The  static  test  results  (resistance  function,  load  *<ie£lecti(«i,  and  strain)  of  the  four 
prototype  steel-OKnposite  ccmciete  roof  beams  compared  very  favorably  with 
ptedicticms  made  by  die  simplified  design  procedure  and  finite  elemoit  analyses. 

•  The  overall  dijectives  ci  the  study  were  met  extrcmdy  well 

C.  RECOMMENDATIONS 

•  The  stn^iified  design  procedure  should  be  used  for  the  design  of  roof  beams  used 
for  the  prefabricated  protective  shelter  proposed  by  the  Air  Force. 

•  A  user  fiiendiy  cc  mpvftsr  program  should  be  written  to  incplement  the  design 
procedure  developed  and  validated  in  this  study. 

•  Details  for  attaching  the  roof  beam  to  the  earth-wall  system  of  the  concept  shelter 
need  to  be  developed  and  verified. 

•  Consider  the  use  of  light-weight  cross  beams  to  span  over  the  roof  beam  concept 
recommended  fiom  this  study  to  determine  if  savings  in  cost  and  weight  can  be 
achieved. 

•  Design  a  full  size  shelter  concept  and  subject  it  to  a  scries  of  weapon  effects  field 
tests. 

•  Develop  a  family  of  design  charts  for  various  shelter  configurations  and  threats. 
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APPENDIX  A  -  DESIGN  PROCEDURE  FORMULAS 


A.  REINFORCED  CONCRETE 

Refer  to  Figure  A-1  £  n*  definition  of  symbols. 

1.  Flexural  Resistance 


Casel: 


Q 


ReinlOTCcmem  Yields: 


Cc*0.85yabt-Ast) 


Cs  =  Ajtfy 
“  AjJjfy 


Ajb^y  *“  Ast(fy  “O.SSf^) 

a  ss - i - - il- 

0.85f_bt 


Check  that:  e^t  «  ecu(l  - 


Case  2;  Compression  ReinfoTCement  Does  Not  Yield: 
Cq  =  0.85fj,(ab|  —  Ajj) 

Cs  =  Ajtfst 


7,= 


Asbfy 


_  Tg  ^cu^sAst)  '^'^(Q-85f(;b|)(eQ|,EgAgtp2dt) 

2(0.85fcbi) 


Check  that: 


Moment  capacity: 

M  =  Cg(dj.Q(  —  db  ~^)  +  Cs(djot  ~db  ~dj) 
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2. 


Stiflhess 


a. 


y 


Moment  of  Inerda  of  Uncracked  Sectk>n  Ig. 
Location  of  neutral  axis  from  bottom  oi  beam: 

ZA-y 

£A 


lA  -  y  « ttbt(dtot  “‘^)+dwtw(^+tb)+tbbb(‘^)+(n~  l)Ast(dtot  -dt)+(n-  UAjbdb 
ZA  =  ttbt  +  dy,tw  +  tbbb  +  (n  -  IXAgt  +  Agb ) 


Moment  of  Inertia  Ig: 

+  b,t,(d,ot-?-y)^+bbtb(y-^)^+t:*dw(tij-y+^)^ 

+  (n  - 1)[  Ast  (dtot  “  y  -  dt  )^  +  Asb  (y  -  db  )^  ] 


b.  Moment  of  Inertia  of  Cracked  Section: 


Cascl;  Neutral  A^iisin  Top  Flange: 


I  2 

Solve  the  quadratic  c  = 

2A 

the  neutral  axis,  where; 


to  find  the  distance  "c"  from  the  top  of  the  beam  to 


B  =(n-l)Ast  +  nAsb 
C  =  —[(n  —  l)A5{dt  +  tiA^b  (d^ot  “  db)] 


Check  that  "c"  is  less  than  b^,  and  if  not,  the  cracked  section  neutral  axis  is  in  the 
web  and  is  solved  for  below. 


=.^^+(n-l)Ast(c-di)^4-nAsb(dtot-c-db)^ 


1A3 


Case  2:  Neutral  Axis  in  Web: 

Solve  ^  quadratic  above  with  the  terms  tkfined  by: 

2 

B  s  bidt-tt^w +(«”!) Ast^-ttAsb 


C  -tv,)  +  (n~l)Ast<it  +nAsb(dtot~^b)) 


Icr'^^+Wc-lj^+di-DAstCc-d,)* 
■*-nAsb(dioi-c-<lb)^  +  ‘*^^~*»'  ' 

c.  Average  Moment  of  Inertia  and  Stiffness: 

I 

‘avg 

Stiffness  for  a  beam  canying  a  umformiy  distributed  load  is: 


K  = 


384EQl{iYg 


5L^ 


144 


B.  PRESTHESSED  C0NC31ETE 

Refer  to  Figure  A’2  for  definition  oS  syndwls. 

1.  Fleniral  Resistance 


Casel:  Compressive  ReinfottMment  Yidd^ 
Cg  —  0, 85  f  Q  (sbj  ■“  A  ) 

Cs  =  Agt  fy 

Tsb  *  Asb  fy 
Tps  =  Aps  fps 

Ajb  fy  +  Aps  fps  —  Asi(fy  —  0.85  f  ^ ) 
0.85  fcbt 


Check  that:  Est  — ^)^Ey  =*^* 

c  Es 

Case  2:  Compression  Reinforcement  Does  Not  Yield: 

a-Mt . 


From  summation  of  forces,  and  €31  - 


a 


0.85  f'(<  bt  a  +  (Egy  Es  Ast  *”  Apg  fy  )a'~6cu  Eg  Ag^  Pi  d^  —  0 


Solve  this  quadratic  for  a  and  c  = 


Since  fpj  is  not  known,  the  solution  is  obtained  by  trial  and  error,  with  fpg  defined  for 
270  ksi  7-wire  stress-relieved  low-relaxation  strand: 


_(dsp-c) 
tps - ^  Ecu 

fps  =  28,000  Eps  (ksi),  w  he  n  Ep^  S  0.008 


fps  “*  268—  ^  0065  ^  ®’^®fpu(^^  when  ,  Epg  >  0.008 

An  estimate  of  fpg  is  made  which  allows  the  calculation  of  the  position  of  the 
neutral  axis  for  either  Case  1  or  Case  2.  The  strain  Epg  aiul  stress  fpg  is  then  calculated 
and  compared  with  the  initial  estimate,  which  is  then  refined  if  need  be  and  the  calculation 
repeated  until  good  agreement  (<5%)  is  achieved. 


IA6 


Moment  capacity: 

M-Tps<d«„-J^-dp)+Tsb(<ltt,-J^-db)-Cs(d,-^) 

where  Q  a  Ag^fy  ,  >  Ey 

“  Ast  Ejj  Eg  ,  EgJ  <  Ey 

2.  S^fllness 


a.  Moment  of  inertia  of  Uncracked  Section  Ig: 

Location  of  Neutral  Axis  from  Bottmn; 

\ 

~  2Ay 
^  2A 

2Ay  5=  ttbt(dtot 

+  (n-l)Ast(dtot-^)+<n-l)Asbdb+(Kps  -l)Apsdb 

2  A  *  ■*'*b^b  ■*'(®  "“^XAjt  •f  A5b)‘*‘(ttps  “OApj 

Moment  of  Inertia  Ig: 

Ig  *  ~(bttt^  +  twdw^+bbtb^) 

+  bttt  -  y  -^) + bfetb  (y  “  + t^d^  (tb  -  y  +~) 

+  (n-l)[Ast(dtot-y-dt)^+Asb(y-db)^] 

+  (nps  ~l)Ap5(y — dp) 


b.  Moment  of  Inertia  of  Cracked  Section: 

J~2 

Solve  the  quadratic  c  »  ^ 

distance  "c"  from  the  top  of  the  beam  to  the  neutral  axis. 


147 


B  «  (n  ■“1)A5| +  n(A5jj  +  Apg) 

C  =s  -  [  (n— l)A5|d| +  n  A5|j(dtQt— db)“'npsAps(dtot“^p)  5 


Check  that*  c  ^ 

Icr  = -^^ + (n  -  l)Ast  (c  -  dj ) + nAsb  (dtot  ~  c  ~  db 

2 

+  npsAps(dtot-c-dp) 


rasff?,-  Neutral  Axis  in  Web: 

A-^ 

2 

B=  tt(bt-tw)+ (n~l)Ast  +  n(Asb  +  Aps) 

Q  ss  +  (n--l)A5|dt 

+  nAs5(dtot“db)-npsAps(dtot“dp)j 

Icr  =  +(b,  -  t„)t,(c 

+  (n  — 1)A5{(c  — dj)^ +  nAs5 +(dtQ(  — c— db) 

+  WpsApsCdiot”^  ~dp)^ 

c.  Average  Moment  of  Inertia  and  Stiffness: 

I  _ 

iavg  2 


K  = 


384EcI 


c*avg 


5 
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Figure  A-2.  Definition  of  Formula  S3mibols  for  Prestressed  Concrete  Concept 
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C.  STEEL  -  CONCRETE  COMPOSTTE 

Refer  to  Figure  A>3  fOT  definiti(»i  symbols. 

L  Fleaniral  Resistance: 

r.flsft1«  Neimal  in  Wehr 
Cs  »  0.85^' bstj 

Ctf  »  fygbtfttf 

Cvv  tt  fyg2t^(c-“  tj  —  ) 

Tw  »  fyg2t^(dtot  — C  — tfcf  ) 

Thf  a  fygbbfttf 

Summation  of  forces  and  solving  fin:  V  gives: 

^  _  .  +  trf  +  - btf ^tf  - > (t  +,J 

Case  2:  Neutral  Axis  in  Too  Flange: 


Cj  —  0.8Sf^  bgtg 

Ctf  a  fygbtf(c  — 13) 

Ttf  —  fygbtf  (15  +  ttf  —  c) 

Tw  =  fyg2twdw 
Tbf  a  fygbbftbf 

Summation  of  fences  and  solving  for  "c"  gives: 


-  “  2  btf  2btf  2fygttf 
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M  =  C;(c— jtf — S) 

+  T*(^+t,  +  Itf-c)+Ttf(d„,-c-5^) 
If  c  <  ts  .  the  gilder  sbcMild  be  modified. 


Sdffjittss: 


a.  Locatumof  Neutral  Axis  from  Top: 
lA 


SAy  -  (^XtsX-^)+btfttf(ts+^)+2twdw(ts  +  ttf+% 
n  z  z  z 


+  b|j£ti3f(ts  +  ttf +dvv+^) 


lA 


ft) 


tg) + btf  ttf  +  2tvydvt’  +  bfef  tfcf 


b.  Moment  of  Inertia  and  Stiffness: 

I  =  ^^■^ts^  +  btfttf3+2twdw^  +  bbftbf3j 

+  [2t^dYv(ts  +  tjf  +”~~y)^  "^bijftjjf  (tg  +  t|f  +d^ 

Tf  -  384EgI 

^  "  <t3 
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D.  MASS  OF  ROOF  BEAMS  AND  OVERLYING  SOIL 


L  Rdnfwced  Concrete 


^beam  ~  **■  Agi))w5]L 

2.  Prestressed  Concrete 

^beam  bbti>)Wc  +{A^i  +  Ajb  +  Aps)w5|L 

3.  Steel -Concrete  Composite 

^bcam  ^bf  ^bf 

4.  Overlying  S<^ 

^soil  *^soil^beam^^soil 


5.  Mass 


Mass  = 


W 


384.6x10' 


Ib-msec^y/ 

/in. 
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E.  DYNAMIC  ANALY  SIS 


•N 


*% 


.9  t 


1.  Equivalent  Mass  and  Net  Resistance: 
Mg  =  Mass  X  Klm 

where: 

^LM  elastic  response 

«  for  plastic  response 

8Mp 

^net  os  ""  Wjjggjjj  Wgoji 

where: 

Rnet  "  net  resistance  of  beam  (lb.) 

Mp  »  noomentcapacity  of  beam  (in-lb) 
Wjjgam  =  weight  of  beam  (lb) 

Wsoii  «  weight  of  overlying  soil  (lb) 

2.  Equation  of  Motion 
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Equation  of  Motion: 

Elastic  Range  y<yel 
Mfiy + cy  4- ky  -  F(t)  -  0 

Plastic  Range  ycl<y<ym 

Mgy  +  cy  +  Rm  -  F(t)  =  0 

After  ym has  been  icachcd  (ynj-2yei)<y  <yin: 
Mgy  +  cy  +  Rm  ~  k(ym  -  y)  -  F(t)  =  0 


Integration  of  the  equation  of  motiCMi  can  be  performed  using  any  well-known  procedure, 
such  as  the  simple  constant-velocity  method: 

y(*‘*'l)  =y<s)+yavAt 


yav 


=  - +  y(S)^ 

At 


To  start  the  procedure,  use  the  special  equation: 


which  must  be  solved  iteratively  because  y^^^  depends  on  y(i) 


3.  DjT.cr!:?  Shear  Force 


a.  \pproximate  Method: 
Elastic  Range; 

V(l)  =  0.39R(t)+0.11F(t) 


Plastic  Range 

V(t)  =  0.38Rro-^0.12F(t) 
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b.  Modal  Analysis  •  Elastic  Range  Only 


where: 

Pj  »  noagnitude  of  unifonn  load  at  time  zero  Obvln) 

E,  I  K  modulus  of  elasticity  and  moment  of  inertia 
m  =  mass  per  unit  lengdi  Ob-m  sec^^n^n) 
u  s  mode  number,  i. 3.5..... 

Cbn  »  natural  frequency  for  mode  n 

DLF(t)  ~  dynamic  load  factor  corresponding  to  natural  frequency  COn 


Natural  firt^ency  COn 


2  2 


Dynamic  Load  Factor  DLFn 


t  < 

DLF„  ^  l-cos((OnO+  — 

Wn‘d  td 

t>td: 

DLFn  =  — 1 — (sin(o)nt)  -  sin  (Or  (t  -  td ))  -  cos  (On  t 
®ntd 


The  above  calculations  are  performed  for  normal  modes  1,3.  and  5  for  each  time 
step  of  the  numerical  integration  procedure  (even  numbered  modes  do  not  contribute  for 
symmetric  loading).  The  shear  calculated  by  modal  analysis  is  compared  with  the 
dynamic  reaction  calculated  fiom  the  approximate  method,  and  the  larger  value  is  used 
for  designing  the  shear  reinforcement. 
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Defieclion  (in)  Deflection  (i.}) 


APPENDIX  B  .  PROTOTYPE  BEAM  TEST  DATA 
Deflection  Between  Support  &  Load 


Figure  B- 1.  Beam  lOA  Load  Deflection  Data  Between  Load  and  Support  Points. 

Deflection  at  Load  Points 
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7 


Deflection  at  Mid  Span 


Microstrains  Strain 

(Thousands)  (Thousands) 


Level  4 


Microstrains  Microsirains 

(Thousands)  (Thousands) 


Level  6 


Deflecuon  (in)  Deflection  (in) 


Deflection  Between  Support  &  Load 


Rgure  B-11.  Beam  lOB  Load  Deflection  Dam  Between  Load  and  Suppon  Points. 

Deflection  at  Load  Points 


0  50  100  150  200  250 

Load  (icips) 


Figure  B-12.  Beam  lOA  Load  Deflection  Data  at  Load  Point. 
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Microsirains 


Deflection  at  Mid  Span 


0  1  2  3  4  S  6 

Displacement  (in) 


Gage  2  — <--Gage9  -®“  Gage  16 -4*- Gage  23 


Figure  B-15.  Beam  lOB  Strain  Gage  Data  for  Level  2  Gages. 

Level  3 


Gage  3  Gage  IQ  Gage  17  Gage  24  [ 
Figure  B-16.  Beam  lOB  Strain  Gage  Data  for  Level  3  Gages. 
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Microslrains 

(Thousands) 


0  1  2  3  4  5  6 

Displacement  (in) 


Gage  4  — Gage  1 1  Gage  1 8  Gage  25 


Rgure  B-17.  Beam  lOB  Strain  Gage  Data  for  Level  4  Gages. 

Level  5 


{-**-GagsS  Gage  12 -4*- Gage  !  9 -*r- Gage  26 

Figure  B-18.  Beam  lOB  Strain  Gage  Data  for  Level  5  Gages. 
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Microstrains  Microsirains 

(Thousands)  (Thousands) 


Level  6 


Gage  6  Gage  13  Gage  20  Gage  27  [ 

Hguie  B-19.  Beam  lOB  Sixain  Gage  Data  for  Level  6  Gages. 


Level  7 


- " —  ■  —  -  — ■  ■) 

-♦*“  Gage  7  — Gage  14  -®~  Gage  21  -a«-  Gage  28  I 

Figure  B-20.  Beam  lOB  Strain  Gage  Data  for  Level  7  Gages. 
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Deflection  Between  Support  &  Load 


Load  (kips) 

Figure  B-21.  Beam  16A  Load  Deflection  Data  Between  Load  and  Support  Points. 


Deflection  at  Load  Points 


Load  (kips) 


Figure  B-22.  Beam  16A  Load  Deflection  Data  at  Load  Point. 
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Deflection  at  Mid  Span 


Level  1 


-**—  G^ge  1  Gage  8  Gage  1 5  -Ar-  Gage  22  j 
Figure  B-24.  Beam  16A  Strain  Gage  Data  for  Level  I  Gages. 


Level  2 


I"**- Gage  2  — *•- Gage  9  Gage  16 Gage  23  [ 
Figure  B-25.  Beam  16A  Strain  Gage  Data  for  Level  2  Gages. 


Level  3 


Gage  3  — ^  Gage  10  Gage  17  Gage  24 
Figure  B-26.  Beam  16A  Strain  Gage  Data  for  Level  3  Gages. 


169 


Microslrains  Microslrains 

(Thousands)  (Thousands) 
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Level  6 


Gage  6  Gage  13  Gage  20  Gage  27 
Hgure  B-29.  Beam  16A  Strain  Gage  Data  for  Level  6  Gages. 

Level  7 


j .  . . . . ■ 

-**-  Gage  7  — ^  Gage  14  Gage  21  Gage  23  j 
Figure  B-30.  Beam  16A  Strain  Gage  Data  for  Level  7  Gages. 
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Deilcctlor.  (ii>)  [Reflection  (in) 


Deflection  Between  Support  &  Load 


Figure  B^Sl.  Beam  16B  Load  Deflection  Data  Between  Load  and  Support  Points. 

Deflection  at  Load  Points 
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Microslrains  Denection  (in) 

(Thousands)  ,  o 


Deflection  at  Mid  Span 


0  2  4  6  8  10  12 

Displacement  (in) 


Gage  2  — * —  Gage  9  Gage  16  Cage  23  j 

Figtirc  B-34,  Beam  16B  Strain  Gag^  Data  for  I-evel  2  Gages. 
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Microstrains  Microstrains 


Level  5 


-**-  Gage  5  Gage  12  Gage  19  Gage  26  Gage  1 
Hgure  B-37.  Beam  ]L6B  Strain  Gage  Data  for  Level  5  Gages. 

Level  5.5 


Gage  8 

Figtirc  B-38.  Beam  16B  Strain  Gage  Data  for  Level  5.5  Gage. 
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Level  6 


Gage  6  Gage  13  -®-  Gage  20  Gage  27  Gage  15 


Figure  B-39.  Beam  16B  Strain  Gage  Data  for  Level  6  Gages. 

Level  7 


Cage  7  Gage  14  Gage  21  Gage  28  Gage  22 


Figure  B-40.  Beam  16B  Strain  Gage  Data  for  Level  7  Gages. 
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